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THEME

The Symposium was addressed to research scientists and development engineers for aero engines in order discuss the state-
of-the-art and to be informed on new measurement possibilities. The scope included CARS, laser anemometry, pyrometry,
clearance measurement including X-ray, high speed data acquisition and processing, stress measurement and vibration and
thin layer technique, unsteady and transient phenomena, and future prospects. The Symposium was organized in six sessions
mostly followed by discussion periods in order to exchange experience in detail. For each session, 2 ‘Rapporteur’ prepared a
technical evaluation report and edited the discussions for inclusion in the Conference Proceedings. After most of the
sessions, there was a short verbal evaluation by the Rapporteur.

Ce Symposium s'ad¢ ressait aux chercheurs et ingénieurs de développement concernés par les moteurs d'aeronefs: son
but était d’'examiner I'état de V'art et de donner des informations sur les nouvelles possibilités de mesure. Le programme
englobait la SRAC™), 'anémométrie laser, la pyrométrie, 1a mesure des jeux (en particulier par rayons-X), l'acquisition et le
traitement a haute rapidité des données, Ia mesure des contraintes et les techniques relatives aux vibrations et pelliculaires,
les phénomeénes instationnaires et transitoires, ainsi que les perspectives d'avenir. Le Symposium comportait six sessions,
I'accent étant mis sur les temps de di ion qui per aux participants d'échanger en détail leur expérience. Pour
chaque session, un ‘Rapporteur’ a préparé un rapport d’évaluation technique et a fait paraitre le texte des discussions qui est
inclus dans les Actes du Symposium (Conference Proceedings). La Rapporteur a fait une breve évaluation verbale aprés la
plupart des sessions.
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TECHNICAL EVALUATION REPORY
SESSION I — COHERENT ANTI STOKES RAMAN SPECTROSCOPY (CARS)

by

R.B.Price
Rolis Royce plc
P.O.Box 32
Derby DE2 8BJ, UK

SUMMARY

The session on CARS at the 6 7th PEP meeting successfully achieved the objectives of reviewing the present status of its
development as a diagnostic method and enabling its capability and applicability to be assessed. The main conclusions may
be summarised as follows:

CARS is a powerful diagnostic method for both basic combustion studies and flows of practical importance. It has
demonstrated applicability to a wide range of practical devices. Temperaturc measurement by CARS is at an advanced stage
of development. Measurement accuracy capability has been established at < + 1.5% for time averaged measurements and
+ 3—6%for i ous over a wide range of temperatures and pressures in nitrogen. Improvement in
spectral quality and, possibly, refined analysis techniques are required to improve the precision of instantaneous

CARS ement of species concentration is at a less advanced state and sensitivity is currently limited to
> 1—5% in practical systems. Most major species of interest in combustion can be measured. with the notable exception of
hydrocarbons. Spectroscopic data needs to be refined and better “in-situ” referencing schemes developed to improve the
measurement accuracy.

For practical applications CARS still has some severe limitations at present, particularly its low data acquisition rate.
Other problems, such as beam steering or beam attenuation, could also limit its range of applicability in practical flows.

1. INTRODUCTION

Coherent Anti-Stokes Raman Spectroscopy (CARS) has aroused considerable interest over the last decade or so
because of its capability for making non-intrusive “in-situ” measurements of temperature and major species concentrations
with good spatial and temporal resolution in flow systems. It has particular attraction for making such measurements in the
hostile and d ding envirc presented by practical combustion systems. For these, CARS has distinct advantages
either in signal strength or background rejection capability compared with competing techniques such as spontaneous
Raman or Rayleigh scattering.

This continuing strong interest in CARS and its growing stature and maturity was reflected in the decision to have a
whole day session at the 6 7th PEP meeting devoted to the subject. It was fitting that two scientists who have been largely
responsible for bringing CARS 10 its present state of prominence should be co-chairmen for the session. Dr A.C Eckbreth,
from United Technologies Research Centre, took the chair for the morning session and Dr J.P.Taran from ONERA, whose
pioneering work in the mid-seventies inspired much of the subsequent interest in the subject, chaired the afternoon session.

Five formal papers by eminent workers in the field (Refs.1 —5) were presented. In addition each co-chairman gave a
brief information presentation (Refs.6—7). Finally, a round table discussion (Ref.8) was held, with Dr Taran as Chairman, at
which members of the audience were invited to pose questions and comments to a panel consisting of his co-chairman and
the five speakers at the formal session.

Four of the formal papers (Refs.1 —4) were concerned almost exclusively with the use of CARS for thermometry.
Species concentration measurements were only discussed in Ref.5 although Dr Eckbreth in his informal presentation also
described some interesting recent work relating to such measurements carried out by himself and co-workers at UTRC. This
bias towards thermometry in the presentations fairly reflects the activity and state of the art in the two measurement areas.
Thermometry is at a more advanced stage of development than species concentration measurement, a situation possibly
dictated by the priority needs of the engineering community but also largely governed by the relative difficulties of making
the two measurements.

It is not the intention in this report to summarise and evaluate each paper separately. Instead, the presentations and the
post paper and round table discussions are considered collectively. On this basis, current CARS practice and recent
develop are d, and outstanding limitations and problems are highlighted. Finally, the conclusions drawn and
recommendations made for further work are summarised.

il
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2. BASIC CARS METHOD AND CURRENT PRACTICE

In CARS, laser beams at two frequencies w, (pump laser) and w; (Stokes laser) undergo optical wave-mixing anu
interact via the third order non linear susceptibility of the medium to produce a coherent laser-like signal beam at the higher
anti-Stokes frequency w,, = 2w, — w,. This signal is resonantly enhanced when the frequency difference between the two
beams coincides with that of a Raman-active molecular transition of a constituent species of the medium. By varying this
frequency difference various transitions in a given spectral band can be accessed and the CARS spectrum generated.

For phase method monochromatic input beams, the CARS spectral signal intensity L, is given by
L, <2 1 L2 |3

where [ and I, represent the pump and Stokes laser beam intensities in their region of interaction of length L where the
CARS beam is generated. x is the third order non-linear susceptibility of the medium and determines the shape of the CARS
spectrum. It is the sum of a resonant contribution and a non-resonant contribution. The non resonant component is
frequency independent and is the sum of the contributions of distant Raman and electronic transitions. The resonant
component is strongly temperature dependent and is proportional to the molecular number density of the resonant species.

For strong resonances and when the concentrition of the resonant species is high, the effect of the non resonant term on
the spectral shape is small and can often be neglected. Temperature may then be derived by fitting synthesised CARS spectra
to experimental spectra with temperature as the main variable. As the concentration of the resonant species is reduced, the
two terms become progressively of comparable magnitude. Over a limited range of concentrations, which is dependent on
species, the spectral shape is then concentration sensitive as well. Within this range (typically 0.5—20%) species
concentration can also be determined by matching experimental and synthesised spectra with concentration and temperature
as the main matching variables. Fortunately, the concentrations of major species, other than N,, of interest in practical
combustion systems generally fall within this range. Species concentrations can aiternatively be derived from measurements
of signal strength. It is generally necessary to use referencing techniques because variations in signal strength can occur for
non-concentration dependent reasons. One well tested method is to normalise the measured CARS signal by a non resonant
signal, generated by the same laser-beams, from a suitable gas held at known conditions in an “in-line™ reference cell. This
method however can be subject to large errors due to non-correlated laser beam overlap characteristics in the two CARS
generation volumes. For this reason, concentration measurement from spectral shape is normally preferred where possible.

An “in-situ” referencing technique which shows considerable promise and is more sensitive and precise than the above
methods has recently been developed (Ref.5). In this method, the resonant and non-resonant background components of the
CARS signal from the sampled gas are separated by polarisation techniques and measured simultaneously. Concentration
and temperature may then be inferred by fitting theoretical background normaliscd spectra to experimental specira.

In practice, the pump laser beam is normally at a fixed frequency. Frequency-double Nd/YAG pulsed lasers are
normally used in modern CARS systems. They combine the necessary features for diagnostic use of high power (since
I, «I.2), short pulse duration (10~*s), narrow linewidth, and reasonable pulse repetition rates (10—20 Hz). They can also
conveniently be matched with optically pumped dye-lasers to produce the Stokes beam.

Various pump and Stokes laser beam focussing arrangements can be employed to satisfy the phase-matching
requirements for optimum CARS signal. BOXCARS arrangements give the best spatial resolution (typically a few ram by
50—110 um). A two-beam 3D variant termed USED CARS (Ref.6) which is more tolerant to beam misalignment has
proved useful for practical applications. Where optical access is restricted, carefully configured colinear pump and Stokes
beams can sometimes give acceptable spatial resolution (Ref.2).

CARS spectra can be generated in two ways. One method is to build the spectrum in piecemeal fashion by scanning a
narrow band Stokes laser through the frequency range of interest. Alternatively, use of a broad band Stokes laser permits the
complete spectrum in a given band region to be captured simultaneously using an appropriate spectrograph/optical
multichannel detector; intensified linear diode array detectors are now used in most systems. The two methods are referred
to as “scanning and broadband” CARS respectively. The use of scanning CARS is restricted to steady-state flow. Broad-
band CARS must be used for measurements in randomly time-varying flows such as those in turbulent flames. As usually
implemented, only one dye laser is used and only one species can be interrogated at a time. However, a recently
demonstrated “dual-broad band” technique which uses two dye lasers (Ref.6) is capahle of measuring all the major species in
fuel-air combustion simultaneously but is not yet developed for engineering use.

3. ACCURACY AND PRECISION OF CARS MEASUREMENTS
3.1 Governing Factors
The accuracy and precision of CARS measurements are governed by the accuracy of the computer model used to

generate the synthesised “observed” CARS spectra, the quality and integrity of the experimental signals, and the data
processing techniques used to match the experimental and calculated spectra. Each of these aspects is considered separately.

————




(8) Computer Modelling

Models which are spectrally correct and accurately model the physics of the beam interaction process in the
CARS generation volume are required. They must also correctly allow for the laser linewidth, spectrograph and
detector characteristics in calculating the synthesised “observed™ spectra to compare with the experimental spectra.
Thus the CARS spectral intensities calculated for monochromatic laser beams must be convolved with the spectral
profiles of the pump and Stokes beams and with an instrumental “slit” function. For broad band CARS it is not
necessary to convolve with the Stokes laser profile provided the experimental spectrum is ratioed to a non-resonant
CARS spectrum.

The importance of correctly accounting for collisional line narrowing and cross-coherence effects in the model is
now widely recognised. Earlier “isolated-line” models ignored the collisional-narrowing effects and have been shown
(Ref 1,5) to be reasonably successful in modelling CARS spectra in atmospheric pressure flames, provided the Raman
linewidth variations are accurately modelled. However, even at atmospheric pressuie there is evidence (Ref.2.3) that
collisional narrowing effects cannot be ignored and, at high pressure, their inclusion can be vitally important. Cross-
coherence terms arise in the convolution of the calculated spectral intensities with the pump laser profile and are
especially important when the Raman linewidth is comparable with the pump laser linewidth. Ignoring them can lead to
large errors (Ref.2). Finally, calculated spectra have been demonstrated to be highly sensitive to the form of the
instrumental “slit™ function and care must be taken to define this function accurately. In most CARS systems it is well
represented by a Voight profile with the Gaussian and Lorentzian contributions suitably adjusted.

Efficient computational models which account for these effects are now available for N, (see Refs.2,3 for details).
They have also been developed for several other species of interest in combustion but for some of these refinement of
the spectroscopic data is required.

(b) Quality and Integrity of Measured CARS Spectra

Factors which govern the quality and integrity of the experimental spectra include noise, non linear detector
response. medium perturbation effects and biasing effects.

Detector “shot-noise” and CARS signal noise (Refs.2,3) are both important contributors to the noise in measured
single-shot CARS spectra and must be minimised. Careful design of the Stokes dye laser can significantly reduce the
CARS signal noise (Ref.2). The possibility of further reducing this noise by using a single-mode instead of a multi mode
pump laser is currently the subject of controversy. Data presented in Reference 3 indicate that broad band resonant
CARS signal noise in N, Q branch spectra measured in flames is actually higher with a single mode pump laser. This
finding is in marked contrast to the reverse result found for non resonant spectra (Ref.3) and narrow-band scanned data
(Ref.5). Clearly, further work is required to investigate more fully the relative merits of single and multi-mode pump
lasers for CARS work.

Detector shot-noise most seriously affects the low intensity parts of the recorded spectrum. For accurate
measurements, especially when the analysis method gives a high weighting to these parts, it is important that only
spectra with count levels above an acceptable minimum are analysed. On the other hand, care must also be exercised to
ensure that the count level in the high intensity parts of the spectrum remain below saturation level for the detector. In
some circumstances, such as turbulent combustion flows for example, the CARS signal can fluctuate over a range
considerably greater than the dynamic range of the detector and meeting both the above requirements simultancously
can be difficult. However, data acquisition schemes such as that described in Ref.4 which record both unattenuated and
attenuated signals can overcome this problem.

Medium perturbation effects can be caused by excessively high pump laser beam intensity in the CARS generation
volume. Gas breakdown must obviously be avoided. Ref.5 shows that pump laser intensity must also be restricted to
avoid Stark splitting effects, although these effects are not likely to be too important for Q branch spectra which are
generally employed in practical CARS experiments.

Biasing errors can occur if the gas contained in the CARS generation volume is non-homogeneous. The measured
spectra will be biased to the cooler gas within the volume because cf the squared dependence of CARS signal on the
molecular number density. This problem is likely tn be most acute in studies of turbulent combustion where high
temperature gradients can occur over very small distances, down to the Kolmogoroff turbulence scale (Ref.8). More
work is required to understand better the effect of such biasing on the statistics of the measured parameter.

(¢) Data Processing Methods

Multi-parameter least-squares fitting routines are generally employed to fit theoretical CARS spectra to the
experimental data. For best accuracy, the whole of the measured spectrum in a spectral region must be fitted. Efficient
methods for doing this are now available and published (See Ref.2 for examples). Current so called “quick-fit” methods
are prone to large errors (Refs.2,4) but can be useful for providing on-line monitors of the measured parameters. More
work is required to refine the accuracy of such methods, which can be particularly useful when a large volume of spectra
has to be analysed.

Even under nominally steady state conditions, single puise CARS spectra exhibit a substantial shot to shot
variation in the measured parameters, mainly because of the noise effects discussed above. Weighted least-squares
fitting routines show promise in increasing the precision of such measurements. For example, Ref.3 shows that by
correctly accounting for the noise variance and using the inverse of this as the weighting parameter in the least-square




fitting routine, a very significant improvement in precision of single-shot CARS temperature measurements in a steady-
state flame occurred. However, this was accompanied by a shift in the mean temperature determined compared to a
non-weighted fit for reasons that are not yet fully understood. Such weighted fitting techniques clearly need to be
investigated further.

3.2 Current CARS Capability

In assessing the current accuracy and precision capability of CARS for temperature and species measusements due
note must be taken of the above considerations. Most of the reported CARS temperature measurements, r .rticularly for
broad-band CARS, have used the N, Q branch spectrum as the probe. This is mainly because N, is generally the most
abundant species in fuel-air combustion systems and consequently gives a strong resonant signal. Detailed assessments of the
accuracy of such measurement have recently been made (Refs.2,7) over a wide range of temperature and pressure (300—
3500°K at 1 bar and 300—800°K up to 20 bar) in N, under known and constant homogeneous gas conditions. The mean or
average temperature measurement accuracy is estimated to be of the order of + 1—1.5% over all conditions. Single-shot
temperature accuracy is estimated at + 3—6%.

Measurements of temperature and species concentration in flames have successfully been carried out for several other
major species of interest in combustion e.g. CO,, CO, H,0 and O,. For broadband CARS, species concentration sensitivity
is currently estimated to be > 1—5% for time averaged measurements. Where scanning CARS can be applied, the
background normalisation method (Ref.5) has been shown capable of improving sensitivity by a factor of 5. Unfortunately its
use in broad band CARS has not been demonstrated and seems likely to be possible only at high pressures. The accuracy of
concentration measurements is largely limited by the lack of accurate spectroscopic data and the complicating effects of
varying non-resonant backgrounds. As tetter quality spectroscopic data is becoming available, so the measurement accuracy
is improving but more work is required to overcome the problems with varying backgrounds.

Concentration measurements of hydrocarbons pose particular problems because of their spectroscopic complexity,
cspecially the larger polyatomic molecules. Spectral models are not currently available for hydrocarbons, apart from
acetylene, and there is a general dearth of good quality spectroscopic information for these species. Pending the availability
of accurate models, the generation of a library of CARS spectra for known samples and the use of these to fit experimental
spectra could be considered as an interim method of making hydrocarbon concentration measurements.

4. APPLICABILITY OF CARS
Demonstrated Applications

CARS is being used increasingly for a wide range of applications ranging from basic kinetic (Ref.6) and spectroscopic
(Ref.5) studies to measurements in flows of practical interest (Refs.2,4,7).

Many of the basic studies are carried out under sieady-state conditions, e.g. in laminar flames where either broad-band
or scanning CARS systems can be applied. For spectroscopic measurements the higher resolution offered by scanning
CARS systems is often essential. Very high resolution CARS, made possible by the advent of single mode lasers and pulse
amplification techniques, offers the prospect of generating very accurate Raman linewidth and other spectroscopic
measurements. Much of the data generated in this way will be used to refine the models used in the application of CARS to
practical systems.

Over the last decade or so, CARS has been demonstrated successfully in several practical flow environments including
jet engine cxhausts, IC and diesel engines, gas turbine combustion simulators, furnaces, propellent flames. Recently, its
application to supersonic combustion has also been demonstrated successfully. It is now moving out of the development and
demonstration phase and is being used more and more as a routine research and development tool. Mobile, hardened and
flexible CARS systems (see Ref.7 for example) which facilitate use of the technique for field applications are being built.

In many of these applications, CARS is used in conjunction with other non-intrusive diagnostic techniques such as
LDA. The data generated can be used both to better the understanding of complex turbulent flow-combustion interaction
processes and to develop and validate computational models.

Despite the very notable success that has been achieved to date, CARS still has sume severe limitations and applications

problems which are likely to restrict its use in flows of practical interest in the future unless they can be overcome. These are
discussed briefly below. Some are common to most optical techniques but other are peculiar to CARS.

Optical Access Requirements

CARS requires “double-sided” optical access to the measurement volume. Geometrical constraints might make this
difficult to achieve for some applications e.g. annular combustors.

Beam Steering/Attenuation Problems

In some practical flow environments serious reduction, or even total loss, of the measured CARS signal may be caused
by beam steering due to density gradients in the flow normal to the direction of beam propagation. High pressure conditions
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and long optical path lengths will acventuate this problem. As a rough guide, (Ref.8) measurements in a gas turbine primary
zone combustion region for instance could become very difficult at pressures above 3 atmospheres and beam path lengths
through the medium greater than ~15 cm.

In particle or droplet laden flows further signal loss can occur due to beam attenuation, particularly of the input beams.
Measurements in high density sprays with low voidage fractions are therefore precluded but, where the voidage fraction is
reasonable, CARS measurements can be successfully conducted provided the recorded spectra are selectively filtered for
analysis.

In liquid fuelled combustors, beam steering and attenuation problems will clearly be compounded.
Low Data Acquisition Rate

CARS is a single-point measurement technique. Moreover, spectra acquisition rate is currently limited to 10—20 Hz by
the pulse-repetition rate capability of available Nd—YAG pulsed lasers. Since, for the turbulent flows of practical interest, a
large number (typically a few hundred) of individual measurements is required to define adequately the measured parameter
statistics at each point, the time required to map the flow conditions can be exorbitant for some applications. Newer lasers
€.8. excimer or copper-vapour, offer hope of increasing data acquisition rate by orders of magnitude in the future if they can
be developed to combine high pulse power with their existing high repetition rate capability.

The “dual broad band” CARS technique which allows several species to be measured simultaneously could with
development also significantly increase the data acquisition rate for species concentration measurements in practical flows.

Data Handling/Storage Problems

Clearly a very large amount of data can be generated in a practical CARS experiment. Handling and storage of this data
may prove a problem unless some on-line processing of data is carried out. The development of rapid but accurate on-line
processing techniques would be a major step forward in the application of CARS to practical systems.

High Cost and Complexity

The high hardware capital costs (~$100 K) and complexity of the techniques mitigate against its widespread adoption
and will continue to limit the number of deployable CARS systems available. A “Knock-on” effect is that the number of
experienced and skilled exploiters of CARS is also limited. Transfer of the technology to non-expert users may therefore
present problems, especially in the short term. However, the concensus view of the experts at the session was that these
problems are surmountable and successful transfer has already been achieved in some instances. A possible alternative
solution is to have centres of excellence in CARS which would provide a consultancy service to customers.

5. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

The following were the main points to emerge from the presentations and discussions at the session:

1. CARS s at an advanced stage of its development and is increasingly being used for routine R & D studies. It has
demonstrated applicability both to basic flames and to a wide range of practical devices.

2. The general theory is now reasonably well established. Efficient and accurate computational models are now
available for N,. Several other major species of interest in combustion can also be modelled although the
spectroscopy for some still needs to be further refined. Hydrocarbons are a notable exception and work is urgently
required on the spectroscopy and modelling of these species.

3. Forbroad band CARS, temperature measurement accuracy has been established at < + 1.5% for mean
measurements and + 3—6% for single shot measurements in N, over a wide range of temperature and pressure.
Species concentration measurement sensitivity is rather low a1 present (> 1—5% time averaged) but accuracy is
improving as the spectroscopy is being refined.

4.  Further work is required to overcome varying non-resonant background effects on species concentration
measurements and “in-situ” referencing schemes require further development.

5.  Singe-shot temperature measurement accuracy is currently limited by dye laszr noise. Further work is required to
determine the relative merits of single and multimode pump lasers in reducing the shot to shot variation in CARS
signal.

6. Data processing schemes can have a marked effect on the measurement accuracy. Further work is needed to
determine the improvements attainable by using “weighting” schemes.

7. Use of CARS for routine R & D in practical devices could be restricted by its low data acquisition rate.

8. Beam steering in large scale devices at high pressure and beam attenuation in high density sprays or particle laden
streams may cause problems which limit the range of applicability of CARS.
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SIMULTANEOUS TEMPERATURE MEASUREMENTS WITH RAMAN AND CARS
IN LAMINAR PLAMES

e,
W. Stricker, W. Kreutner, Th. Just
DFVLR - Institut flr Physikalische Chemie der Verbrennung

Pfaffenwaldring 38-40
D~7000 Stuttgart 80
West Germany

SUMMARY

g;atially resolved temperature measurements in laminar premixed flames were mad~ using
Coherent Antistokes Raman Scattering (CARS) and spontaneous Raman spectroscopy. In the
case of narrowband (scanning) CARS, the experimental arrangement allows the perfcrmance
of simultaneous temperature measurements with both technigues. For broadband (multiplex)
CARS the measurements have to be made successively. Three different Raman linewidth
models were used for CARS data evaluation. The resulte were compared with the inde-
pendently recorded rotational Raman temperatureg. Temperature differences up to 10 %
were observed, depending on the linewidth model used. For two, more complicated line-
width models the CARS and Raman temperatures are in good agreement.

A

—

1. INTRODUCTION

One aim in modern combustion research is the development of theoretical computer flame
models, in order to predict the desired properties and the behaviour of flames (in a

final stage also of technical flames like in furnaces, combustors, and internal combustion
engines). Laser diagnostic techniques offer the possibility for in-situ, non-intrusive,
spatially resolved measurements of temperature and species concentrations in combustion
processes. Experimentally determined temperature and concentration data are used to examine,
improve and further develop the chemical kinetics of flames and the theoretical flame
models. As an example, the temperature profile assumed in such calculations is a very
sensitive parameter for the resulting calculated hydroxyl radical concentration.

Both CARS and spontaneous Raman spectroscopy are well suited for temperature measurements.
In the past, several research groups have demonstrated the applicability of CARS for
temperature measurements in laboratory flames /1-7/, in combustors /8-11/, and in internal
combustion engines /12-15/. Due to the coherent nature of the process and the high signal
intensities CARS offers some unique advantages for the diagnosis of technical combustion
situations. Unlike CARS spontaneous Raman spectroscopy is limited to weakly luminous,
non-sooting flames, because of its inherently low signal intensity and its incoherent
character.

for both techniques the accuracy of the deduced temperature values depends on the quality
of the experimental data and the reliability of the theoretical models used to analyze
the recorded spectra. The theory of spontaneous Raman scattering is well developed, and
the data reduction is straightforward, whereas for the reduction of CAFS data some points
remain to be clarified.

In order to establish the accuracy of temperature measurements with CARS, in the past
comparisons have been made between CARS and other techniques: Thermocouple measurements
/16-19/, sodium line reversal spectroscopy /4. 17, 20, 21/, and heat balance and thermo-
dynamic equilibrium calculations /4, 17/.

The disadvantages of thermocouple measurements in hot reacting flows are well known. The
unavoidable perturbation of the flowfield may change the chemical kinetic reactions in
the flame. The temperature measured has to be corrected for radiation and conductive heat
losses of the thermocouple, and care has to be taken to minimize catalytic reactions on
the surface of the thermocouple. Coating the tip of the thermocouple with quartz may lower
the influence, but can not prevent it completely depending on the flame composition. The
sodium line reversal technique may suffer from the fact that the probed volume is not
identical to the volume from which the CARS information is taken, and that seeding the
flame with sodium can be difficult., Heat balance calculations which require an accurate
measurement of the heat flux to the burner used to stabilize the flame, lead to results
without any spatial resolution.

In this work we report a comparigson of the temperature determination in laminar flames
between CARS and spontaneous Raman scattering. Both spectroscopic techniques offer the
potential for non-intrusive, spatially resolved temperature measurements in laboratory
flames. In the case of narrowband CARS really simultanecus temperature measurements with
both techniques are possible, whereas in the case of broadband excitation the experiments
have been performed in two consecutive runs. One of the advantages of the technigue de-
scribed in this paper is that the same laser is used to excite the CARS as well as the
Raman process, and the probed volume for both measurements is well controlled.

2. SPONTANEOUS RAMAN SCATTERING

For thermometry in flames, preferably on N, as indicator molecule, the vibrational Stokes
transition /22-27/, the ratio of Stokenlnnzintokou vibrational bands /28,29/ and the pure
rotational Raman spectrum /23, 30-32/ have been utilized. In our special case the pure
rotational Raman gpectrum is used for temperature determination (Fiqg. 1).
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The Raman scattered intensity IR is given in eq. (1)

. o a0y
IR = Io N{v,J) an @ 1 E (1)
where I, is the intensity of the exciting laser radiation; N (v,J) is the number density
in the “particular quantum state of the species under consideration. In thermal equili-
brium the population of the states is given by the Maxwell-Boltzmann distribution. g% is
the differential Raman scattering cross section; £ is the solid angle from which Raman
scattered radiation is collected; 1 is the length of the probed volume, and ¢ describes
an efficiency factor including the throughput of the monochromator and the quantum effi-
ciency of the detector.
For temperature measurements only the relative intensity distribution of the pure rota-
tional Raman spectrum has to be considered.

I~ fu, - (4J+6)-B]‘ *g(J)+£(J) rexp [ -hcB-J(I+1)/kT ] (2)

w_ is the frequency (in em™!) of the exciting laser; B is the rotational constant of the
indicator molecule; J is the rotational quantum number; the factor g(J) takes into account
the nuclear spin degeneracy of homonuclear molecules; £(J) is a line strength factor
containing the Placzek-Teller coefficient bJ,J...

=3, I4) - (J+2) (3
J'g" 2 2J3+3
The constants h, ¢, and k have their usual meaning: Planck's constant, speed of light,
and Boltzmann's constant.

£(3) = (2I41) b

For a more accurate treatment of the pure rotational Raman spectrum the influence of
centrifugal distortion has to be taken into consideration by a multiplicative correction
factor /33/.

B
£ = £ ¢ (O+argsl/s) - (52 (3235432 0
e we

8! is the derivative of the molecular polarizability anisotropy with respect to inter-
niclear distance r_. A value of teaé/ee= 2.2 for N, is taken from the literature /32/
and used in this wSrk.

To evaluate the temperature from the pure rotational Raman spectrum the (log intensities)
of the rotational lines are plotted as a function of the term values of the rotational
states. From the slope of the resulting straight line fitted by a least squares procedure
the temperature is deduced.

3. COHERENT ANTISTOKES RAMAN SCATTERING (CARS)

CARS is a coherent, nonlinear Raman process. It is for this reason that temperature
measurements with this technique require the comparison of the experimentally measured
CARS spectrum and a theoretical, calculated spectrum.

A detailed description of the CARS theory can be found in the literature /34/. In this
paper only a short summary of the theory is given. By the interaction of two incident
laser beams of frequency w; (pump laser) and wy (probe laser) with the third order

dielectric susceptibility 3 of the molecule a polarisation field is induced which
generates the CARS signal at frequency wy = 2u1 MCPE The CARS signal intensity is given
by

32,.2,, ,,2 sin(akL/2),2
Tears & [x 7SIy It (B0 =
In eq. (5), I, and I, are the intensities of the pump laser and the probe laser, respec-
tively. L deflnes an“interaction length where the CiRS signal is generated. The expresssion
in brackets gives the phase matching condition and depends on experimental parameters.
For high signal generation the phase-mismatch Ak should be zero, i.e. (sinAklzz)z =1

AkL/2 :

The spectral shape of the CARS spectrum is given by the third order dielectric suscepti-
(3)

bility x according to eq. (6)
w,
Bl - 5 3 R + x;;’ (6)
v,J wp = (wy - wy " =4 e Tp e (m1 - uy)

where AN is the population difference between the states involved in the observed CARS
spectrum; w, is the Raman frequency; w and w., are the frequencies of the pump and probe
laser, respéctively; TR is the homoqenlous Ramgn linewidth. In addition, there is an non-

resonant part of the susceptibility, x$3), which is frequency independent and summarizes
the contributions arising from distant RRaman and electronic transitions. In the case of

measurements on N, in high concentration the influence of 1(3) on the spectral structure
of the CARS nanaf is negligible and, therefore, can be omi§@éd in the data reduction.
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As can be seen from eq. (6) the CARS signal is resonantly enhanced, if the freguency
difference between the two exciting laser freguencies w, and w, is nearly to or equal
a Raman transition fregquency w,. A further important felture of CARS spectroscopy -
in contrast to other lp‘ctroscgpic techniques - is the dependence of the signal on the
homogenecus Raman linewidth rR.

In this work three different models of the homogeneous Raman linewidth e have been
used and compared for data evaluation.

1. As the simplest assumption a constant linewidth is used in the calculation, independent
of p and J. Today there are better models for _, if N, is ugsed as indicator molecule.
But for other molecules than N, reliable linewilth modals scarcely exist, and mostly
a constant linewidth is the oniy possible choice.

2. In the model proposed by Hall /35/ the self-broadened N, linewidths have been calculated
using the linewidth theory of Robert and Bonamy /36/. As a result, experimental line-
width data /37/ can be fitted very well with a relatively simple expression, which
describes the Raman linewidths as a function of temperature T and the rotational gquantum
number J. The pressure dependence is linear. The analytical form is shown in Table 1,
valid for the temperature range 900 K - 2400 K.

3. Farrow et al /16/ used the low pressure flame linewidth data measured with stimulated
Raman scattering /37/ and fitted them to a polynomial expression up to the fourth ordes
in the rotational guantum number J. The dependence on pressure is linear, too, but the

temperature scales as T-1/2. For temperatures below 600 K the formula reduces to only
one term, linear in J. (Table 1)

-0.71 ~1.45,

Hall TR(T/Ped) = 8-7 - 18.6-T J
900 K £ T 5 2400 K
- 2 3 4
[Farrow et al. FR(J) = A - B-J + CJ° - DI + E-J
high temperature =2 -4
T > 600 K A= 1.79534 * 10 B = 6.3087 + 10
C = 4.7995 - 1077 D =1.5139 - 107¢
E = 1.50467 - 1078
low temperature
T < 600 K reld) = A, - By - J
A, =1.99 - 1072 B=4.575 - 10 ¢

1

Table 1 Analytical expressions of linewidth models proposed by Hall /35/ and Farrow
et al. /16/

4. EVALUATION PROCEDURE

For the evaluation of temperature data from CARS spectra a computer code has been devoloped
which fits the theoretical CARS spectrum to an experimental one. The evaluation scheme

is shown in Tab. 2. The program calculates the squared modulus of the dielectric suscepti-
bility of the rotation - vibrational CARS spectrum of N, (Q-branch). In order to achieve
the best agreement between experimental and theoretical”spectra in the region of the hot
band (overlapping rotational lines originating from the fundamental vibrational transition
v =0+ 1 and the first excited vibrational trangition v = 1 + 2) the molecular constants
for N, given by Gilson et al. /38/ are used. Different linewidth models can be employed.
The iﬁfluence of the laser bandwidths for narrowband (scanning) CARS is taken into con-
sideration by a convolution procedure with Gaussian profiles. For broadband (multiplex)
CARS the monochromator/detector influence is treated by a convolution with a Voigt profile
containing aqual Gaussian and Lorentzian contributions. A non-linear least-squares algorithm
is utilized. Three parameters are varied simultaneously: the temperature, a dispersion
factor which describeg the increment size on the fregquency axis, and the absolute fre-
quency of the first data point of the experimental spectrum. To avoid additional numerical
errors analytical derivatives are employed. The spectra are fitted on a linear scale, nor-
malized to the area under the spectral shape, and all data points are weighted equally.
Depending on the quality of the initial guess of the input parameters, our program usually
needs 3 - 6 iterations to find the best fit,
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experimental spectrum theoretical spectrum

noise sources: dependence on:
alignment drift temperature
laser intensities molecular constants
spatial jitter Raman linewidth
frequency drift
electronic noise

1
experimental influences

laser bandwidth
slit/detector profile

cenvolution procedure

I synthesized spectrum ]
_____4 normalisation F————J
comparison
experimental data - simulated spectrum

non-linear least-squares algorithm
fit parameter:
temperature
dispersion factor
absolute frequency
(equal weighting of data points)

1

[ best fit ]

1
[ temperature |

Table 2 Evaluation of temperature data from CARS spectra

5. EXPERIMENTAL

The experimental setup, capable of measuring simultaneously narrowband CARS and spontaneous
Raman spectra, is shown in Fig. 2. The two frequencies w, and w,, necessary for the exci~
tation of the CARS process, are delivered by a pulsed, frequenc{-doubled Nd:YAG laser

(JK Hyper YAG 750) and a dye laser. The available energies are about 50 mJ/pulse in the
pump beam (532 nm) with a smooth beam profile and about 5 mJ/ pulse in the probe beam from
the dye laser (~ 607 nm). The bandwidth of the dye laser amounts about 0.25 - 0.30 cm~!.

To achieve a suitable spatial resolution a crossed beam BOXCARS confiquration /39/ is used.
The geometry of the laser beams is shown in Fig. 3. By this means the spatial resolution
can be matched to the experimental recuirements of laboratory flames and can be adapted to
the volume probed with the Raman technique. After recollimation (L2) the CARS signal is
separated from the exciting laser beam by a dense flint prism (P} and recorded by the
photomultiplier (PMT 2) and a boxcar integrator. The wavelength scan of the dye laser and
the data acquisition is controlled by a DEC (MINC) laboratory computer.

As can be seen from Fig. 1 different Raman processes are excited simultaneously by the
lagser beams needed for the CARS process, both by the pump laser (wy) and the probe laser
(w2) . More or less unaffected by other scattering processes the pure rotational Raman
spectrum excited by the most powerful pump laser beam at frequency w, can be observed in
an optical path under 90° to the incoming laser beams. The Raman scaltered light is
collected by lens L3 and a backreflecting mirror CM and image& onto the entrance slit of
the monochromator (SPEX 14018). The Raman signal is recorded by a gated, microchannel
plate intensified diode array (PAR OMA-II/1420). The data are transferred to the labora-
tory computer for further processing. A second photo multiplier (PMT 1) allows the regis-
tration of pure rotational Raman gpectra in a scanning mode where the resolution is
higher than with the diode array.

In the case of broadband CARS directly simultanecus measurements are not possible, be-
cause the recording of both the broadband CARS spectra and the pure rotational Raman
spectra requires the frequency dispersing ronochromator. However, the imaging optics

are designed in such a way to allow a quick change from recording broadband CARS spectra
to rotational Raman spectra. To measure broadband CARS spectra the radiation of the dye
laser as probe laser has to be generated spectrally broad. This is achieved by replacing
the grating in the dye cavity by a high reflecting broadband mirror yielding a bandwidth
of the dye laser emission of about 130 cm~! FWHM. This bandwidth is broad enough to cover




the entire CARS spectrum at every laser pulse, even at flame temperatures, where the
the spectrum spreads out.

Both broadband CARS and spontaneous Raman data measured with the diode array are
corrected for the thermal and electronic background, non-uniform sensitivity across
the target, and the wavelength dependent transmission characteristics of the optics

in the signal path. The spectral distribution of the radiation of the broadband dye
laser is accounted for by measuring the nonresonant CARS signal of oxygen (5 bar)

at the same spectral position and with the same optical configuration used for the re-
sonant N, CARS measurements. Thus, the effects influencing the intensity distribution
of the spectra can be treated by one correction.

6. RESULTS AND DISCUSSION

The results reported in this paper were obtained in a premixed laminar propane/air
flame at atmospheric pressure and an equivalence ratio of ¢ = 1.1. The low luminosity
flame is stabilized on a multicapillary burner 28 mm in diameter. The burner is on a
constant temperature of 330 K to prevent condensation of water. The measurements have
been made 10 mm above the burner surface in the flame axis where a flat temperature
profile can be expected.

During our investigations of CARS temperature measurements in flames we found that the
application of a rotational guantum number and temperature dependent model for the
homogenous Raman linewidth included in the evaluation procedure of CARS data considerably
improves the theoretical fit of experimental narrowband CARS spectra /40/. Especially

in the region of the band head of the N, Q-branch the deviations between experimental

and calculated data are reduced, in agreement with the observations by Hall /35/. How-
ever , as can be seen in Fig. 4, it is possible to estimate a constant value of the Raman

linewidth, in our example T, = 0.033 cm'1, which also leads to an excellent theory-
experiment fit. Compared to a theoretical fit with Hall's linewidth model exploiting

the same experimental data the error curves in Fig. 4 do not show remarkable differences.
However, the residual error is slightly reduced, and the evaluated temperature by both
fitting procedures changes by about 10 % from 2174 K to 1954 K.

To look for a decision, which temperature is the correct one, and to get an impression
how accurate CARS temperatures can be measured a more systematic investigation has been
started. A selected set of experimental CARS data was used for evaluation with the above
mentioned different linewidth models. In our opinion, temperatures deduced from Raman
spectra, measured under special flame conditions (laminar, non-luminous) can reliably be
used for comparison. Raman spectroscopy is an optical non-intrusive method based upon a
well developed theory.

Fig. 5 shows a part of the pure rotational Raman spectrum recorded in the flame center,
ranging from J = 22 to J = 41. In the lower part the least-squares straight line, fitting
the (log intensities) according to eg. (2}, is plotted. To reduce the influence on the N,
rotational lines, which are used for temperature analysis, by underlaying lines of the
combustion products like €O, CO2, H,0 and unburnt hydrocarbons, the monochromator wave-
length setting is 258 cm~! apart from the exciting laser line at 18797 cm~! (532 nm). At
flame temperatures the population of the rotational states peaks at higher gquantum numbers
(for 2000 K at J = 19). Therefore, only Ny rotational lines with highest possible inten-
sities occur in the oberved spectrum. The resolution of our optical detection system is
sufficient to separate the lines originating from vibrational states v = 0 and v = 1,
Lines with their initial states v = 2 merge into the wings of the preceding lines of

v = 0. As the population of the N, vibrational state v = 2 amounts only about 3.5 % at
2000 K the perturbation of the intensity distributton of the v = O rotational lines may
be considered negligible.

As already mentioned the Raman scattered intensities are extremely low. In order to reach
a good signal-to-noise ratio in the spectrum and, hence, a statistically reliable accuracy
30,000 signal pulses at 10 Hz repetition rate have been accumulated. The resulting
temperature is 2039 % 56 K (¢ 2.8 %, one standard deviation). Fairly long accumulation
times are required to achieve this or better accuracy. A spectrum taken with doubled
exciting laser energies ghows reduced scatter in the intensity distribution of the
rotational lines and indicates a temperature of 2043 ¥ 28 K. However, if the Raman signal
from the same flame position is accumulated for only 3,000 pulses,the measured tempera-
tures differ from each other much more. The mean and standard dev.iation of 10 successive
measurements is 2072 1 86 K.

We conclude, provided that the flame itself fullfills the necessary stability, spontaneous
Raman spectroscopy is an independent technique to measure reliable flame temperatures

in an environment of low luminosity.

Assuming the rotational Raman temperature in our experiment as reference temperature CARS
spectra have been evaluated using different models for the homogeneous Raman linewidth

and fitting different parts of the spectrum, e.g. only the vibrational ground state of

the N, Q-branch (v = O » 1) or the vibrational ground state and the hot band (v = 0 = 1

and v°= 1 » 2). A typical broadband CARS spectrum from the flame center is shown in Fig. 6,
together with the residual error curve for the best fit. Some of the results of our com-
parative investigation are summarized in Tab. 3.
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Line Model Evaluated Part of the Spectrum
for rR
v=0+1 v=0-+1Tandv=1-2

NB CARS BB CARS NB CARS BB CARS
Fg = constant 2174 K 2181 K 2142 K 2080 K
residual error 0.97 0.78 0.94 1.00
I‘R Hall 1954 K 1989 K 2065 K 2001 K
residual error 1.00 1.00 1.00 0.87
TR Farrow 2008 K 2037 K 2065 K 2014 K
residual error 0.86 0.62 0.88 0.60

Raman

pure rotational spectrum
long time (2039 % 56) K
10 x short time (2072 * 86) K

Table 3 Summary of CARS (narrowband and broadband) and Raman temperatures, measured in
the center of a propane/air flame, 10 mm about the burner surface; data evalua-
tion with different linewidth models and different parts of the spectrum; for
a better understanding the residual errors were normalized.

The approach to restrict the data evaluation to the region of the vibrational ground state
transition v = 0 - 1 is of some practical interest. By excluding the hot band (v = 1 » 2}
in the data analysis the cpu computer time needed by our evaluation program can be reduced
considerably. It has to be examined in a practical situation whether the uncertainty in the
temperature values coming in by the evaluated reduced spectrum is tolerable or not.

Comnaring the three linewidth models used in the evaluation program the constant linewidth
assumption always yields temperatures which are higher than those resulting from the other
two linewidth models and from spontaneous Raman data. It should be mentioned that Hall's
linewidth model is restricted to temperatures above 900 K. The result will be a too high
temperature. When Hall's and Farrow's linewidth models are compared the result is that

the temperatures from Hall's model are always slightly lower. The CARS temperatures
derived with Hall's and Farrow's model are in good agreement with the Raman temperatures,
if long time Raman spectra are considered. Raman spectra with shorter exposure times show
enhanced scatter of the intensities of the rotational lines and, therefore, yield less
accurate temperature.

The CARS temperatures are usually slightly lowered, if the hot band is included in the data
analysis. If only the vibrational ground state is evaluated, the differences between con-
stant linewidth and J-dependent linewidths become more pronounced.

The theory-experiment fit is pretty good for all three models considering the spectral
shape, but it turns out that this fact alone is not a sufficient criterion for accurate
temperature measurements. Considering the residual error as the sum of the squared devia-
tions between the best fit and the experimental data Farrow's model performs best, where-
as in the case of a constant linewidth and Hall's model less significant differences are
observed. (For a better understanding the residual errors have been normalized in Tab. 3).

For further illustration a radial temperature profile of the investigated propane/air
flame is plotted in Fig. 7. The results of the temperature evaluation with and without
including the hot band in the CARS data analysis are shown separately. Different gymbols
indicate the temperatures derived with different assumptions for the homogeneous Raman
linewidth and the Raman values. The Raman data contain measurements with variable exposure
times. The scatter of the data points on the flame edge becomes larger, where steep tem-
perature gradients ( 2 200 K/mm) are found. Flame flickerinag is the most probable ex-
planation for the observed scatter.

In conclusion, the two linewidth models of Hall and Farrow et al. yield temperatures,
which coincide within %1 ,5%. The temperatures are in good agreement with those derived
from spontaneous rotational Raman spectra. Provided that a practical application requires
still more accurate temperature values, both, a more precise reference technigue and still
further improvements in the linewidth models are necessary.
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DISCUSSION

A.Eckbreth, US
What value of constant linewidth did you use?

What values of constant linewidth gave “correct™ temperatures even if the fit was not the best least squares”

Author’s Reply
For the best fit spectrum shown we used a linewidth of .033 cm™'.
Other linewidths lead to bad theory-cxperiment fits, especially in the region of the band head, and have not been
evaluated.

R.Farrow, US
Comment
Both models are now dated in comparison with current work. Polynomial exponential gap (D.Greenhalgh et al) models
and other exponential gap models (Koszykowski et al, Rodsasco et al, and others) should give more accurate linewidth
over a broader temperature range.

R.B.Price, UK
In the paper the assumption of equal contributions from Lorentzian and Gaussia ources is made.

(a) What is the basis for this assumption?
(b) If you allow the ratios to vary, does this make a difference to the conclusions drawn?

Author’s Reply
In broadband CARS thermometry the influence of the combined slit/detector profile has to be taken into account in the
spectrum calculation. We do this by fitting a suitable spectral line which we record with our detection system. In most
cases equal amounts of Gaussian and Lorentzian contributions give a good fit. With these evaluated parameters a
CARS spectrum of known temperature is calculated and fitted. However, sometimes it is necessary to change the
contributions somewhat to improve the theory-experiment fit (temperature influences on the monochromator ‘detector
system?). But this should have no remarkable influence on the conclusions drawn in the paper.
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CARS THERMOMETRY FOR LOW AND HIGH PRESSURE COMBUSTION SYSTEMS*
by

Douglas A. Greenhalgh

—=

Harwell Combustion Centre
Building 10.4,
Harwell Laboratories
Oxfordshire
OX11 ORA, U.K,

. . :
. 4 SUMMARY
Y _==

This paper discusses the theory and application of broadband CARS spectroscopy for ambient (low)
and high pressure combustion thermometry, The accuracy of broadhand CARS is assessed from 300-3500
Kelvin for pressures around 1 bar, and from 300-700 Kelvin for pressures from 1-20 bar. The use of
CARS thermometry for both "average® and “{nstantaneous” measurements is discussed., Systematic accuracy
strongly depends on the quality of the spectral model used in the CARS data analysis step, CARS
spectral modelling methods are discussed.with particular reference to important recent developments.
Instantaneous CARS accuracy is importantly i{nfluenced by noise arising in both the broadband dye laser
and the multichannel detector. Both of these factors, and their relative influences are assessed. The
"pplicatlon of CARS thermometry {s illustrated by application to both in-cylinder studties of an
operating production i,c. petrol engine and to turbulent combugstion in an oil-fired 30 kilowatt
furnace,

. INTRODUCTION

Coherent Anti-Stokes Raman Spectroscopy (CARS) is a laser spectroscopic technique for probing
gaseous systems. CARS has been widely used for 'in-situ' probing of temperature snd species
concentration in a wide variety of research!~5)develo ment(s_log. and fndustrial!1~19)gevsces,
Current spplication areas include coubuat!on(l'a' 5-14 » chemical engineering'™* 15), steam
thermometry for nuclear systems appllc!tlon(lﬁ)and micro-electronics{!?), To date 1ts greatest usage
has been for probing hostile combustion systems, normally for thermometry but increasingly for species
concentrations. For combustion diagnostics and heat transfer studies it offers certain significant
advantages over conventional mechanical probes.

(1) it 1s non-invasive (apart from windowing when required)
(11) 1t is spatially precise

(111i) measurements are typically made in a single 10 nano-second laser pulse - thus flow
fluctuation (turbulence) are frozen

(iv) 1t is {nsensitive to background luminosity or fluorescence emissions

(v) 1t is durable - laser beams are not {rreparably damaged by violent flow transients or
particles.

For these reasons CARS {s rapidly hecoming an important diagnostic technique for research and practical
combustion studies. In this paper we discuss and analyse the accuracy of broadhand CARS nitrogen
thermometry, The analysis of CARS spactra requires an accurate computer model of the nitrogen CARS
spectrum, Firstly, a descriptive overview is presented. Secondly, a detailed mathematical
presentation of the latest CARS computer model is given, Thirdly the accuracy of both "average” and
“instantaneous” thermometry is presented; 1in particular dye laser and detector noise problems are
discussed, Application of the technique is {llustrated from recent studies of a production petrol i.c.
cnginc‘]3'14)nnd 30 kW oil-fired furnace .

2. CARS SPECTROSCOPY OVERVIEW

Both the theory and application of CARS spectroscopy have received wide attention in a number of
reviews (18-20). These reviews provide an additional {ndepth treatment to which the interested reader
is referred. The essentisls of the CARS process are illustrated in Figure iI. Two lasers provide beams
of frequencies w) and w,, which are used to generate a signal beam at a frequency Wyg+ To generate the

#This work has been supported by a combination of the UKAEA's Underlying Programme and the UK
Depertment of Energy IEA Programme.
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signal efficiently the beams must be geometrically combined in the medium to achieve phase or momentum
matching. The resultant signal is a coherent ‘'laser-like' beam at a frequency Wwag= 2wW)= wy. The laser
at w, is termed the pump laser and is usually spectrally narrow, The laser at wg, usually broadband,
is termed the "Stokes" laser due to its 'red shift’ with respect to the pump laser. The generated CARS
signal beam at w,.  is termed "anti-Stokes™ due to the its 'blue shift' from the pump wavelength. 1In
this paper only broadband CARS where wg is broad will be discussed. Narrow band CARS is not usually
suitable for studying practical or turbulent combustion devices.

One conceptual model of the CARS process is presented below. The interaction of a pump laser beam
(“1) and a Stokes laser beam (ws) will result in an interference pattern where the laser beams cross,
Interaction of the lasers with the medium will result in a complex optical density modulation of the
medium which mimics the interference pattern, thus the induced "pattern" is in effect a transmission
grating., Because the two lasers are of different freq {es the induced grating will be spparently
moving across the intersection volume at great speed. Also the finite interaction length of the lasers
will cause the grating to be three dimensional. Therefore a second incoming component, of the pump
laser (ml) must be specifically vectored onto this grating to optimise diffraction from the grating. A
small portion of this second laser beam will interact with this induced transmission grating and will
be both diffracted through an appropriate angle and frequency up shifted (by an amount W= ws). Using
this conceptual model most of the important effects of CARS can be accounted for., The accurate
vectoring of the laser beams 1s usually known as phase-matching, In Figure | the three beam phase-
matching geometry, well known as folded BOXCARS is {llustrated - . BOXCARS can also he realised
using a two beam geometry ’ . However, another very common geometry is colinear CARS. In
colinear CARS all beams co-propagate and the induced grating may be thought of as possessing a one
dimensional structure which lies along the propagation axis of the laser beams. In this case the
generated CARS signal appears frequency shifted, but 1s not deflected,

CARS
(COHERENT ANTI- STOKES RAMAN SPECTROSCOPY |

— METHOD —

LENS LENS

—SPECTRUM—
" /\A
A= 606nm A=532nm Az47nm

(NITROGEN SPECTRUM )

®I1f. 1. Echematic of CARS Process

The efficiency of the grating will depend on the interaction of the two laser begms with the
medium. The principal coupling coefficient between the lasers and the medium is termed the third order
bulk susceptibility (x(”). To generste s signal st w, = Zul - Wy the medium must have a response at
either (“’l' w.) or Zwl. The first of these (ul- u') normally corresponds to a Raman active vibrational

transition of a gas molecule, the second (Zwl) is normally a two photon sum electronic transition. 1In
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the second case (2w)) the grating would of course be formed from the two pump laser beams. Usually
Zul 1s not resonant with an electronic transition and the two photon electronic effects is wesk, thus
this process gives rise only to a weak, spectrally flat, term known as the non~resonant background,
However, (ul- w.) may be readily tuned to strong Ramsn transitions such as the nitrogen Q-branch.
Q-branch transitions occur for vibrational quantum state changes of one (AV = % 1) and rotational state
changes of zero (4J = 0). For nitrogen this band is at 2330 en”! and 1s easily matched by the
frequency difference between a doubled Nd:YAG laser and an optically pumped dye laser. The grating
induced by the frequency difference (wl -w ) 18 a two photon tramsition and will contain
contributions both from the imaginary part of §(3 (equivalent to absorption or optical density for a
one photon transition)and the real part of x (equivalent to refractive index for a one photon
transition). Thus the final CARS gpectrum also contains contributions from both terms,

To enable a temperature to be recorded in a single laser pulse the whole of the nitrogen Q-branch
spectrum must be generated in & single laser pulse, This is achieved by using a broadband dye laser
for the Stokes laser; spectrally this is illustrated in the lower part of Figure !. The main problems
with single-pulse broadband CARS are noise in the spectrum of the dye laser and Polsson noise arising
in the multichannel detector, These problems are fully discussed in a later section, CARS nitrogen
Q-branch spectra are strongly temperature dependent., Typical spectra {(theoretical) from 500K to 2000K
are shown in Figure 2, At low temperatures the spectrum arises from transitions between the
vibrational levels V=0 and V=] for many rotational levels (Quantum number J). Each rotational
"side-band” is shifted by approximately ax, J(J+1) from the J=0 level, e, is the vibrational-rotational
couplinq constant and is of order 0.02 cm=l, A typical broadband CARS system has a resolution of only
1-2 cm” ' 8o many of these rotational "side-bands” are not fully resolved. However, at high
temperatures where high J statee are populated the splitting between lines is just sufficient to
ohserve gome structure in the spectrum, Generally the effect of increasing temperature {s to broaden
the V=1+Y~0 Q-branch, At high temperatures, normally above 1000K a new band appears at lower Raman
shift, these correspond to V=2¢Vm], Va3«VUm2 etc transitions. The pronounced features on the V=2¢V=]
band arise due to accidental coincidence of rotational side-hands of both V=2¢Va] and Vsl+VeQ
transitions., 1In CARS, the intensity depends on the modulus squared of the bulk molecular
susceptibility and hence such coincidences give rigse to a non-linear increase in intensity.

T 1 T T T T T T T

INTENSITY

2250 2 22
RAMAN SHIFT c¢m™

FIG. 2 Plots of CAPS Spectra of Nitrogen as a Function of Temperature (intensities normalised)

Temperature analysis of a CARS spectrum is performed by snalysing ite overall shape, There are
several methods. 1In the most widely used, a model spectrum is least squares fitted to an experimental
spectrum with temperature as the principal variable( s2,7,14, 20) Alternatively, nLl 1e algorithme,

based on the areas, widths or height of apecific spectral features may be employed Temperature
analysis 1s also facilitated if the spectral operation of the dye laser {a modified to apeclflcally
select certain features of the spectrum . Lastly, for the pure rotational CARS S~branch spectrum of

nitrogen 26 , which 1is occaulorallg chosen a8 an slternatfve to the vibrational Q-branch spectrum
Fourier analysis may be employed At Harwell we have found the least square method to be both the
most relfable and the most genersl for broadband CARS thermometry and that Q-branch apectra are
easier to generate, Comparison of the first two analysis techniques, on the same CARS data obtained in
an tsothgrnal tube furnace, has shown that some simple algorithms may lead to systematic errors of up
to 82 The latter two methods are relatively new, and as yet, have not been extensively tested.
Extensive testing for least squares analysis has shown the method to be completely reliable 9'31)for
the region 300-1500K. Por temperatures in excese of 2000K a new method for determining CARS
temperature sccuracy has recently been proposed )lnd -ccur-cieo of order X have been found for
the region 2000K to 3500K using least squares nnalyllu(jz N, Further, for thermometry measurements
in turbulent diffusion flames the apparent nitrogen concentration may change in an unpredictable
manner. Concentration changes can markedly affect CARS temperature analysis if not accounted for., By
using least squares analysis concentration changes can be readily sccounted for with only a minimal
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effect on temperature lccuncy(m'“). For the above reasons this paper will concentrate on
temperature analysis of broadband CARS spectrs of nitrogen Q-branches using least squares analysis.

3. THEORY OF CARS SPECTROSCOPY

In the preceding section an overview description of the CARS process was given. In this section a
theoretical basis for the interpretation of CARS spectra of nitrogen Q-branches will be given.
Physically, the origin of CARS lies in macroscopic polarization induced by the incident electric
fields, This induced polarization acte as a source term in Maxwell's equations applied io coherent
CARS signal generation. It is the third order nonlinear electric susceptibility (x( 3)) which relates
sacroscopic polarization to the cube of the incident electric field, consequently the analysis of X
is central to the analysis of CARS spectra. A fuller review of the basic theory may be found in
references 18, 19 and 35.

The nonlinear polarization of matter is given by
P-x“)E#x(Z)E2+x(3)E3+ veae )

Unless the electric field power 1s high the first term dominates and ac-~ounts for most simple
optical phenomena (e.g. absorption, refraction, dispersion etc). At high field strength the second and
third terms become important, X ’19 associated with processes such as frequency doubling, this
process is commonly used to up convert lsser frequencies as in the frequency doubled Nd:YAG laser, The
lowest order nonlinearity in isotropic media such as gases is x( 3). As well as CARS this term 18
responsible for a whole variety of effects including third harmonic geneution5 optical Kerr effects

and inverse or stimulated Raman. The CARS polarization component is given by
Y P00 ) m a3 (g s pa00, - w) E(wIE(0EA(w)) + coce; o, = @) +wl- w, (2)
as 1jk1* as? F1*¥) (] 1 ! 8 b as 1 1 8

xﬁ"zlia a fourth rank tensor and is characterised by four polarfzations (i,3,k,l) and four frequencies
(m],w',wa and w“), Assuming plane waves defined as
By = 4 At 97 TS e &

3 3
where z 18 the propagation ax{s, and by using equation (2) as a source term in Maxwell's wave equation
it can be shown that(18-20:35)¢pe CARS stgnal tntenmsity is

4nly 2 (3,22
L * 2 rnm fL @)

< “au

the speed of light, Wyg 18 the CARS signal frequency, n is the refractive index at Wags L 1s the laser
beam interaction length and I1 and I. are the intensities of the pump and Stokes lasers respectively,
The effects of finite laser widths are discussed later. x(3)ls the third order bulk electric

4 sugceptibility of the medium and, assuming isolated lines is given by

({ where both perfect phase matching and monochromatic laser sources are assumed. In equation (4) ¢ is

~1

(3) 4% N et
—_— boy [("’j -w) o+ m') -1 I‘j] (5)

z(da)
- . do
x ety w: yragl

vhere (do/dQ), is the so—called Raman cross section of the j‘h line of the probed species, h is
Planck's constant, N is the nuaber density, Ap the population differences between upper and lower
states of the jtD resonance of the probed species, Note the line shape term [....] is a complex
Lorentzian, for high pressures this function is replaced b% the reciprocal of the eigenvalues of the
complex G matrix together with associated complex vpelghtl(3 '37). This point is discussed later, ANR
is a spectrally flat contribution from all the constituents of the wedium. For strong resonances XNR
produces only a slight modification to the spectrum. For a single r (x )< b

x§3)2 - (lung )2 + (Raalxj)z + 2 ReallJ Xxr * an (6)

/J As the concentration decresses the contribution to the CARS signal from the species resonance x, will
approach Xyp. Thus the last two terms in equation (3) become important. Imaginary x, has & simple

/ Lorentzian shape but Real X, has a dispersive shape. Therefore as species concentration changes, the

spectrum shape changes; this ts fllustrated in Pigure 3 for the Q-branch of (0.
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FIG. 3. Calculated Spectra of CO as a Function of Concentration at 703K (intensities normalised)

Species concentrations may, in principle, be derfved directly from the signal intensity; however,
uncertainties fn lager Intensity and the complex form of equations 3-% can lead to serious error. Most
practical analysis is based on equation 6 and uses the shape of the spectrum 20,11 . This has the
advantage that both temperature and species concentration are simultaneously detemined(zq'z' 4) and
this enables spectra from turbulent diffusion flames to be correctly analysed.

The central problem in calculating CARS spectra is to determine an “observed” x(3)such that all
medium, laser, spectrograph and detector paraneters are properly accounted for. Certain sdvances in
CARS theory have, at first, appeared to significantly complicate the problem and considersble increase
computing times. One factor i{s the so-called "cross-—coherence” effect which properly accounts for
partial cohereunces in the CARS signal, these patrtial coherences arise when finite bandwidth pump lasers
are used »39), another factor is motfonal nlrrovlng(bo-‘z'lb'ls). Both these factors are important
even for ambilent temperature and pressure nitrogen. Recently a simple approach which properly accounts
for both these effects has been published « The model used for analysis of the data presented in
th%zag.per is based on this spproach and, excluding detector and spectrograph convolutions is defined
by .

127/x
———

Ian("’n) I (2 w(o) - “,.] [Xlzm + Xnr L *y v‘ + c.C.

1

+L.‘£‘_ZU .jw!¢c.c. + _‘,_2 (L 2 vj)(E ay vj)‘ (7a)
2T, 3 2T,
where Uy = Zap (A -~ 1Ay -1 aplt ()

and "j is the well known complex error function, namely

- el
w, = w(z) =d Fulin (m s, >0) (7¢)
e 3

A - —w (P)yY o -
with zj--(’ (ﬁl,_“‘ ) -t A (7d)
r
1

Rarte Xj and A7 are the complex eigenvalues of the so-called G-matrix and the ay are complex weights
formed from the complex eigenvectors of the G-mstrix, Reman scattering cross sections,, and quantum
state populstion fsctors. For most situations, where ry >>PD (l‘b fe the Doppler width) simultsneous
(l’% + r})’ and the factor [x"‘ SRR TCES ).3)]" is replaced by
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(- 1 varvary w(x; A -1+ x;))

(Te}
72 Ty
Following references 34 and 35 mathematically this gives:
AcateglOdepe gtaana? (8a)
8o that
a=fa+a)e (a7t ea) (8b)
with
&) = Kw) + 6 (8¢)
- - -

Thus the simplistic scalars and Lorentzian function of equation (5) are replaced by equatfons (7) and

(8) together with the following further definitions. WNeglecting polarization effects, we have

4
a2 abnlNec do (9a)
how, 4y 5
wvhere
do = do . Cply (9b)
dQV,J dQO.O
and Cj and Cy are given by (42)
Cy= 1= 1.5 (a;41) J(J+1) a3 (9)
also
ey = [1 - s vy + (/) wil/[1 - 1.5 by + (11/4b3)2 (9d)
with a = 1 - ague (%e)
2
6Be
2B
a, = —= (of)
“e
a,/a
by - —iLZ (%)
by = 1/6 [2wgx /B, (15/4)e3] (om)
The population difference matrix Ap in equation B {s diagonal and is defined as
Apjk - 65\:("31 - pjf) (10a)

where p,y and p,, are the initial and final state populations of the jth transition, 6_1k is the
Kronecker delta function (6Jk = 8(j-k)).

82410V _(E4E /KT
Py = T (e= VI (10b)

Qs %, (n
where Qy and Ql(v) are the vibrational and rotational partition functions and i represents quantum

states J and V. The crucisl element for calculating spectrs as a function of pressure is the
G-matrix. This {s given by

G [wym 0y = 8y 1T Jog + 1y, (1-85) (11s)
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where w, 1s the line transition frequency, w, is an srbitrary constant, ['; the transition half widths
at half maximum and A, are the transition frequency pressure shifts. The latter are normally {ndependent
of J and constitute only an overall frequency shift of the spectrum. This {e easily handled in the

data processing sand the A,'s are consequently ignored. Note that the diagonal of the G-matrix is just
the inverse of a complex Lorentziam vector. The key factors in motional narrowing are the v k'l.

There are twe important constraints on the ij'l. Firstly, Tj ie related to ij by the unitary

principle which {is

Ty 0y + 1= vy (115)

where ¢y 18 s small vibration dephssing contribution to the molecular linewidth, typically ¢y is less
than 5X of Pj for nitrogen, Secondly detailed balance requires that

Yik Pk = YiyPy (11¢)

Equations 7-11 form the basis for calculating CARS spectra fully including the effects of laser
cross-coherence, motional narrowing, and anharmonic and centrifugal corrections. The latter two
factors are amall other than at high temperatures (e.g. above 2000K). The twe most important effects
are laser cross~coherence and motional narrowing. Cross-coherence effects arise since the pump laser
has 2 finite bandwidth., Consider two discrete components of wyy namely wi and wi. In this case the
equations

(0} - wy) + Wy = wag (128)

(0] = wg) + wj = wyy (12b)

give exactly equal anti-Stokes frequencies but for different Raman shifts (component in parentheeis)
and ¢ q 1y corresponds to different values of y + FPurther, it is easy to see if ¢ is
substituted for w in equations 12a and 12b both of the generated waves at Wyg 8TE in-phase and will
consequently add coherently, Simultaneously the two components (wi and w;) give rise to spectral
separate, randomly phased contributions at

(W' = wy) + w] (12¢)

= W
and (wy = wg) + wj = wyg (12d)

Processes arising from 12a and 12b can be thought of as “cross-coherent terms" and those from 12¢
and 12d as incoherent or “normal stoichastic contributions”., These two types of contributions
correspond directly to the 4th and 3rd terms in equation (7a). In equation (7a) a full integration
over an assumed Gaussian distribution of laser mode intensities is included.

N === AUTOCORRELATION FUNCTION
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The effects of motional narrowing may be illustrated by considering a Q-branch of a hypothetical
sclecule with two vibrational transitions arising from only two rotational levels, say J, and Jz.
Consider one of the two states and its sssocisted transition or spectral line, Inelastic collisions
will restrict the lifetime of any molecule in this state in a random way, Thus an ensemble of
molecules may be thought of as having a “characterfstic” or “average” Lifetime in the state x,
Increasing pressure will increase collisfon rate and correspondingly linearly decrease t. The emitted
CARS signal, from this emsemble of molecules, will then correspond to a randomly interrupted ensemble
of sine waves. This process is properly represented by an exponentially decaying sine wave where the
characteristic of the exponent is -t. The above situation and its equivalent Fourier transform pair in
the frequency domain, 1s illustrated in Figure 4. Note that the spectral lineshape is a lorentzian,
at low pressures its half width will increase linearly with gas pressure as t decreases. This is the
clasasical picture of pressure broadening of spectral lines; because it treats each transition
separately it 18 referred to as the "isolated lines model”, However, the isolated lines model does not
take account of what happens to a molecule after an inelastic collision. 1f it merely “jumps™ into the
other state (e.g. Iy Jz) and the apparent vibrational motion is essentially unperturbed then the
molecule will have appeared to have changed frequency but with no interruption in its vibrational
phase. Such a situation will significantly complicate the isolated lines picture. Just such a
situation is schematically illustrated in Figure 5. For clarity, the time domain in Figure 5 shows the
specific behaviour of the spectral emission from an “average” molecule undergoing collisions at
intervals of t, This is obviously hypothetical since in practice an ensemble of molecules will be
experiencing collisions after random time intervals where T 18 the characteristic time interval. The
frequency domain does represent the real situation of a molecular ensemble. At low pressure, molecular
lifetimes are long and the transitions narrow. As pressure increases, t decreases and the transitions
broaden 1in a linear fashion. However, when t {s small the molecule switches rapidly between its two
quantum states (Jl and Jz) and the spectrum collapses to a single, sharp, line. Under these
circumstances, the switching time, or mean time between collisions, is, in effect, comparable to the
inverse of the frequency difference between the spectral lines. Nitrogen behaves in this fashion at
high pressure, but in this case the calculatjon is very complex because, depending on the temperature,
up to 50 rotational states and 4 vibrational Q-branches may be involved.

FIG. 5. A Schematic Illustration of Motional Narrowing for s Hypothetical “Two State" Molecule.
Pseudo Fourjer Pairs - see text.
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In practice, the problem is to define the individual relaxation rates between individual states;
for nitrogen, up to 2,500 rates may be required to compute a spectrum by inverting the G-matrix. The
first ntte:gtl)lt an efficient formulation which solved both problems was found by Hall and
Greenhalgh and is based on the Gordon rotational diffusion model. However, recent experimental
dats, particularly froe Sandia National Labs 37,45 , but aleo in-cylinder i.c, engine measurements at
Harwel11(13: , have shown that this model is inadequate. Therefore calculations have t¢ be based on
the full G-matrix approach equations 7-1] and a model for describing the rates, vy k'8s in equation 1
is required. Such a model needs to properly accounted for the conatraints of unitary (equation 11b)
and detailed balance (equation llc). Initial appro‘chu("z fitted simple models, usually called
scaling laws » to known or predicted experimental linewidths,

Mote convenient are models which are accurately self consistent with known linewidths and
equations 11b and llc. Such a model has been formulated and is known as the Polynomial Energ{ Gag or
PEGC law 4 + However, this model slso underestimates narrowing in known N, spectral dated(”' 4,3 '“2
This has led to impro- -3 models based on the exponent of the energy defect between the states involved
in the rotstionally inelsstic collisions. A model which is self consistent with early experimental
linewidth data, equations (11b) and (llc), and known CARS spectra up to 1000K 18 the Differential
Energy Gap (DEG) scaling law ' +« Such a model has been employed for a wide range of CARS data and
has been found to give excellent results up to 1000K and 2C bar (detailed results are showm later).
The full parsmeterised model, fitted to known data'“®” » glves

Ty = P o T ekl e a3
where a = 1,2807, K = 33.3226, b = 1,63, ¢ = 1.4, P ig pressure and T is temperature,

Very recently an slternative model has been formuluted(as’s‘)from a full range of accurate inverse
Raman linewidth measurements . The DEG model as stated in equation (13) gives very good accurac%
for CARS thermomerry. Essentially the DEG model is a conventional exponential scaling law (37,38,40)
with the inclusion of a term pk-c where b~ =~ 0,23, This factor behaves in a similar fashion to the
perturbation correction factor employed in the Energy Corrected Sudden (ECS) extension of Impact Order
Sudden Theory (10S) * « The perturbation correction factor which accounts for psrtial rotation of
the molecules during the molecular collision, was first investigated for nitrogen CARS applications by
Hall(sz). A similar factor is also employed in alternative models. The DEG model, equation (13),
sccurately reproducee the functional form of the rotational or "J" dependence of even the most recent
linewidth data ! , however its overall scaling of linewidthe is slightly out (circa 10! maximum).

This small error does not significantly affect CARS thermometry accuracy for a wide range of
temperatures and pressures and, as 1s shown in the results section, excellent accuracy may be achieved
using equation 13. Small errors in linewidth scaling are in any case unimportant for low and medium
resolution CARS ; however, errors in the form of the J dependence are not ’ . This clearly
points to the fact that the overall linewidth scaling of the DEG model 18 not properly deacribed by the
T® factor. A model which, for practical purposes, rectifies this situation 1is proposd below and is
termed P-~DEG or Polynomial-Differential Energy Gap.

a -1y b _+c
ij'P(f K’.T )P! P (14)

Comparison of predicted and known linwidthu(“'“)ia shown in Figure 6. The overall agreement 1s
excellent, All these scaling laws are however approximations and there is, as yet, no overriding
physical basis for preference of a given model, indeed recently both the Gordon model and the PEC model
have been extensively revised and used to obtain much improved agreement with experimental
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In forming a computer code for prediction and temperature analysis of CARS spectra, it 1s vital to
include appropriate convolutions for the “inatrument function”, This arbitrary function arises from
the finite resolving power of the analysing spectrograph and from cross-talk in the intensified
detector. For many instruments this function 1s well represented by a Voight function ’

Typically most of the CARS spectrometers at Harwell have instrument functions indistinguishable from
Voight profiles. Thus the “observed" CARS spectrum is given by

I:s(“as) =7 V(PLFG'A)dA Ias(”as) (15)

where las(was) is given by equation 7-11 and 13 or 14, & is detuning from Wyg and FL and Pc are the
H.W. Lorentzian and l/e H.W. Gaussian components of the instrument function. Such a convolution may be
readily computed by a single Simpsons rule integration. However, after a little thought, an
essentially fully analytic solution for equation |5, following the integral methods used in equation
(7), is possible and will be published shortly +. Occasionally, as in the case of one of our Harwell
instruments, a slightly asymmetric instrument function is found. This has been accounted for by post
convoluting equation 15 by a "one-sided” exponential function, this is physically somewhat analogous to
a time constant of a chart recorder. This process is mathematically trivial and is not given
explicitly.

4, DATA ANALYSIS THERMOMETRY ACCURACY AND INSTRUMENTAL NOISE

In this section the data processing method employed is discussed. Secondly the accuracy of CARS
"averaged” temperatures is assessed. Thirdly, factors affecting instrumental noise for instantaneous
or single pulse CARS are discussed. Finally, the combined effect of instrument noise (lasers and
detector) are examined and an analysis presented,

All results published here are based on the above model. These equations have been formed into a
sophisticated computer code which includes facilities for a least-squares grocessing of large
quantities of experimental data., The computer model is known as CARP—2(57 . For very large quantities
of single shot data an alternative method is employed. This is based on a library of spectral curves
representing essentfally terms 2 and (3+4) of equation (7a), after convolution by a suitahle instrument
function. Libraries are generated using CARP-2 and, subsequently, very rapid least-squares fitting,
can be achieved using the codes QUICK 5 or QUICK-2D 57). The QUICK codes have been developed to
utilise Libraries for processing data from such as an isobaric turbulent flame where temperatures may
change by up to 2000K from shot to shot (QUICK) or for processing i.c. engine data where both
temperature and pressure (on average) tend to change modestly from laser shot to laser shot for a given
measurement location at a given engine crank angle (QUICK-2D).

CARS "average"” thermometry accuracy at atmosgherlc pressure has been carefully studied by two
groups for the region 300-17OOK(30)and 300—1050K( 9'31); excellent agreement with standard
thermocouples has been found. Examples of this data will not be reproduced here. The accuracies of
the Harwell CARS systems are typically 1-1,5% for the range 300—1000K(29‘31). However, the accuracy of
CARS in the temperature range 300-1000K at | bar does crucially require the cross-coherence effect

to be accounted for. If cross-coherence 1s neglected, CARS temperatures may be in error by up to
50 or 60K . Algso at the lower temperatures motional narrovin% is {mportant. The improved accuracy
of Harwell data around 300K 29,3 over data obtained elsewhere ¢ 0)is most likely due to the inclusion
of motional narrowing effects. Above 2000K it is very much more difffcult to compare CARS temperatures
to recognised temperature standards. However, by measuring CARS nitrogen gas temperatures inside a
speclally designed incandescent lamp fllanentl32‘33)it has been possible to relate CARS temperature
measurements to two-colour pyrometer neusure-ents(jz'ss'Z). Care has to be taken to ensure that gas
and f{lament temperatures are in equilibrium, if this is achieved excellent agreement (of order 1X) is
found between filament (pyrometer) and gas (CARS) temperatures. To {llustrate this a CARS spectrum at
3500K is shown in Figure 7. In concluaion, for atmospheric pressure, CARS “average” thermometry

2.50 T (Filament) = 3446K
2.00 T (CARS)= 3467K
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PIG. 7. CARS Spectrum from inside a Tungsten Filament.
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accuracy is of order 1-1,5% froe 300K to 3500K, the worst region for accuracy lies between 700 and
1100K where the vibrational hot bands are almost absent and the overall rate of change of spectral
shape with temperature is a minimum

At high pressures, typical of gas turbine primary zones or i.c., engines, (e.g., 0-40 bar) the
effects of motional narrowing are vitally important. 1Its effect on sccuracy may be dramatically judged
from Figures 8 and 9. 1In both these figures the same "conditionally averaged” 1.c. engine CARS
spectrum, taken {n the compressed charge prior to ignition, has been analysed using CARS models with
and without motional narrowing effects, The error, 190K in 876K, is considerable. 1In these CARS
experiments the term “conditionally averaged” means that many CARS spectra (say 50+) are summed
together for the same conditions of engine crank angle and in-cylinder pressure, Comparison of theory
and experimental data of this type are certainly useful in excluding CARS models and rotational
relaxation models that do not work. A better test of accuracy comes from comparison with measurements
of nitrogen gas under known conditions. Recently, measurements of CARS in 1gobaric, lsothermal N, for
the range 300 to B0OK and from 1 to 20 bar have been made. In order to ensure that the test gas was
perfectly homogeneous the complete test cell was heated. The cell and surrounding oven are shown in
the photograph in Figure 10, The principal problem with this approach is to maintain an effective seal
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P - 17.500 BAR T = 878.2K

Sr- MOTIONAL NARROWING INCLUDED
4
-~ewww Experiment

» 3f —— Difference
E]
c
]
£ J

1+

. .

° - R -
2,310 2,315 2,320  2,32% 2,330 2,338 2,340
Raman Shift {cm™ ')

FIG. 8. Pre-Combustion 1.C. Engine CARS Spectrum (as Fig. R), Fitted laing CA¥P-2 (ref. 57)
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10.  Photograph of The Parwell Isothermal High Pressure, Figh Temnerature Test Cell

between the windows and the high pressure stalnless steel test cell., This has heen achleved by using a
differentially expanding sealing system where a high expansion packing washer 1s {ncluded. By this
means stahle isobaric, isothermal gas Is created inside a 3N0 mm long cylinder. Excellent agreement
between experimental and theoretical CARS spectra has heen obtained for all temperatures and pressures.
However, the accuracy of the CARS technique may be judged from Figure 1] where some preliminary data is

presented,

study where
exhibited a
distortions
problem has

Flgure

At the time of writing the data availahle from the test cell was only for a preliminary

the sapphire windows employed were not properly "¢"” cut; consequently the windows

slight time and temperature dependent birefringence. This resulted in some small random

to the experimental CARS spectra. Therefore the present results are only preliminary, The
now heen rectified and an improved set of data will shortly be published 5 { Nevertheless,

11 shows that there are no specific systematic errors for the complete region up to 700K and 20
bar., The scatter on the data primarily results from the slight random birefringence,
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These tests establish CARS accuracy from 300-3500K at 1 bar and from 300~800K up to 20 bar, For
very high temperatures and pressures the testing of CARS accuracy awe.ts development of an appropriate
test device, However, as will be shown later, for typical post {.c. engine combustion CARS data of
cirea 2300K and 30 bar, the chofce of relaxation rate model {s far less critical than that for
temperature and pressures up to 1000K and 20 bar,

A major feature of the CARS technique {8 its capability to make instantaneous measurements.
Unfortunately such CARS data is subject to additional noise, typically 8% 'but sometimes larger, A
principal source of the noise lies in the broadband dye laser used in the CARS instrument. Typical
broadband dye lasers produce spectral profiles which possess an observed r.m.s, noise of order 8-10%.
The source of thig noise has been studied both experimentally l‘60.62)and theoretlcally(60'63x
Attempts have been made to account for the noise on a purely schematic basis ]'61’63)hovever a
detailed theoretical model(60: which shows excellent agreement with measurenents(eo)nnd accounta for
reported experiments now extsts. This published theoretical model »6 18 used as the basis for
the discussion that follows.

Essentially a broadband dye laser consists of a spectral 'comb' of fndividual frequencies. The
‘comb' 18 formed from the longitudinal modes of the Fabry-Periot cavity of the laser where individual
modes are separations are on the order of 0.0l cm™ . Over the whole spectral profile, of 150 cw_lthere
may be upwards of 10" modes. The phase and intensity of each mode is determined by the thermal or
spontaneous emission processes, at the start of the laser pulse with the exited gain medium of the dye
laser. Such thermal processes have exponential statistice and may be coneidered to possess 100X noise.
As a consequence, the observed noise for a broadband laser, measured using a multichannel/spectrograph
detector with a resolution of say 1 cm-l. is approximately 8-10% L, . Essentially the observed
noise on a pixel is inversely proportional to the square root of effective modes sampled (e.g.
sampling 502 of 1 mode and 100% of another gives 1.5 effective modes). Figure 12 shows an example of
dye laser noise as it appears in the CARS spectrum for a purely non-resonant signal. The appearance of

this noise in the final CARS spectrum has been postulated to nearly follow that of the input Stokes 602
lager (& » This postulate is substantially supported by recent theoretical work . This theoretical

work clearly shows that, for certain conditions, additional noise will arise in the CARS signal, The
most important case arises when the pump length of the pure laser becomes short compared to the round
trip time of the broadband dye laser, When this arises essentially a restricted sub set of modes of
the dye or Stokes laser are sampled in the CARS process, this reduces the effective number of modes and
results in increased noise in the CARS signal.
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FIG. 12. Examples of Single Pulse CAPS Noise: (a) Single Pulse CARS Spectrum of XNR: (b) 100-Pulse Average
CARS Spectrum of XNr: (€) 8 divide by b.
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The effect of dye laser cavity length on noise is illustrated in Figures 13} and 14, In Figure 13
purely broadband dye laser nolse for two simple laser cavities is compared with theory(m’). Note the
excellent agreement for the plane-plane cavity case, Comparison of theory and experiment for the
c-able cavity case is not very good, principally because ft wss not poseible to accurately estimste the
number of transverse modes and their relative intensities as a function of cavity length, However,
note that measured noise for this laser asympotically approaches the Amplified Spontaneous Emissfon
(ASE) points which correspond to the total number of modes being restrocted by the laser pulse length
according to the uncertainty principle, In Figure 14 observed CARS noise 1is compared with theory,
Note, in particular, that the biggest discrepancy between theory and experiment is at the longest
cavity lengths where the criterion for pump laser pulse being much greater than rount trip time {s only
marginally valid. The noise experiments reported in Ref., 60 correspond to a “phase delayed” BOXCARS
experiment where the two pump components do not arrive at exactly the same instant in the control
volume, For colinear or non-phase delayed experiments temporal reinforcement of the pump laser
fluctuations ia likely to lead to an effective shortening of the observed CARS pulse. Consequently
anti-Stokes noise from such experiments may he higher. At Harwell! colinear CARS experiments have heen
found to be generally noisier than phase delayed BOXCARS using equivalent lasers,
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FIG. 13. Stokes Laser Noise Versus Cavity Length.  FIG. 14. Theory (ref. &) Continuous Line, Squares and
Squares and Continuous Line Experiment and Theory Dots CAPS Noise as per Cavities for Fig. 17,

for a Simple Plane-Plane Laser Cavity. Dashes ana
Dots are the Same for a Stable Laser Cavity. Open
Symbols are ASE Veasurements.

Fortunately careful choice of dye laser design can reduce this noise<60)und such a noise reducing
design has been employed throughout this work. Clearly there ts also a need to choose multimode lasers
with long, rather than short, pulse lengths. Alternatively, single mode Nd:YAG lasers can be employed

* » Lf in future satisfactory rugged and cost effective designs may become available 6A)then this
may become the preferred option. However, the accuracies reported below, using a multimode CARS pump
laser, are essentially identical to those using a single mode laser(ao), thus the gain in using a
single mode laser may not be substantial. Also, for practical measurements, detector noise may he as
L least as important; this is discussed next,

A second source of noiee, in instantaneous CARS, lies in the ccunting statistics of the detector
(65,66). A typical CARS signal contains a peak of say 10:‘—105 photons per detector channel, Typically
1 1/10 of these photons are detected by the multichannel detector. The observed uncertainty will,
according to well known Poisson statistics for photons, be VN where N is the numher of observed
photons. A sisple minded analysis may assume that such noise appears independently on individual
channels; however, in practice, cross talk in the detector cause correlations of order 2-4 channels.
Therefore the Poisson or shot noise will be weighted to the lower spatial frequencies of the
multichannel detector. Interpreting this effect, together with the complex shape and temperature
dependence of s CARS spectrus, does not lead to a straightforward snalysis. Consequently, we have
experimentally investigated the combined effect of dye laser and detector noise using instantaneous
CARS dstas from an isothermal tube furnace ’ . In these experiments 100 instantaneous CARS spectra
were recorded for various known temperatures between 300 and 1000K and for various average ‘'peak’
detector counts. All CARS spectra were then processed using QUICK( 57)4nd the 1o CARS temperature
uncertainty determined: these results are susmarised in Figure 15, Two points are clear, Firstly the
detector Poisson noise contributes a major part of the temperature measurement uncertainty for signal
levels below 2500 counts (our maximum detector range is 16,383 counts). Secondly, dye laser noise,
described above, dominates only for very strong CARS signals, The marked contributon of detector noise
to temperasture uncertainty might appear to be surprising, however as slready pointed out, careful
conaideration must be given to the correlation properties of the nolwe which arises from the 3-4
i channel detector cross-talk, together with the large range of intensity and temperature sensitivity of
the the varfous parts of a CARS spectrum.
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FIG. 15. CARS Instantsnecus Thermometry Uncertainty for Various Temperatures

Detector nofse will be particularly devastating on an analysis method which places undue weight on
the lower intensity portions of a spectrum, Undoubtedly, this explains our success with least squares
analysis of the full spectrum and the unreliabtlity of simpler anslysis algorlthnu(29) The potential
overall sccuracy for instantaneous CARS 18 seen to be of order 4X, based on extrapolations of Figure
15 to infinite detector counts. This is based on a least-squares analysis method and the multimode
pump laser. However, typical accuracies are closer to 6~7X with detector noise contributing
approximately SOX of this uncertainty (assumes 1000 to 2000 counts on a 16000 count range detector).

It 1s therefore clear thaut dye laser noise is by no means the sole factor in current instantaneous CARS
thermometry., Schemes designed to limit the use of low intensity CARS signals 67-69)y111 be vital for
optimum accuracy in the study of turbulent combustion.

S.  APPLICATIONS OF CARS THERMOMETRY

5.1 Production Petrol I.C. Engines

CARS thermometry has been successfully applied to the study of combustion processes in a
production two-~litre petrol engine for a range of conditions of speed and load which are realistic of
all conceivable drive conditions, These experiments have been supported by sn industrial
conuortt.(7°). The CARS experiment 1s tllustrated in the photograph in Figure 16. CARS experiments on
such an engine must access the combustion space through two small (typical.y 4 sm dia) windows.

In order to optimise signal strength through the limited optical access colinear CARS is used.

Colinear CARS spatial resolution csn be controlled by choosing the correct beam size co-binntionl(Gs).
In these experimwents care is tsken to ensure (1) that the Stokes laser beam diameter is made much
smaller say /3 of the pump laser prior to the field lems (typically 10 cm focal length) which focuses
both besms to the measurement point, and (2) the pump laser is essentially T!Hoo. This procedure
ensures phase matching and thus etf%s}’nt signal generation is effective only over 3-4 mm length around
the focus, Racent theoretical work supports this experimental finding. Typical for a homogeneous
environment the effective {nteraction length {s closer to | am, By caveful testing we have found that
in the worst creditable situstion, 2400K nitrogen at the measurement point and 700K say 10 mm away

we induce errors of less than 12X,
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FIG. 16. Photograph of 2-Litre Production Petrol Fngine with CA®S Thermometry Instrument
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Examples of the high quality data obtained from the operating engine, both for a precombustion
(R24X and 17.5 bar) and post combustion (2317K and 27.5 bar) spectra are shown in Figure 9 and Figure
17 respectively. The calculation for Figure 17 also employed the same parameterisation of equation 13.
However fractionally better agreement was obtained using values of b = ¢ of 3.5 with associated small
changes to K and a to maintain agreement with known linewidth data. These increases in b and c produce
a superficially better agreement to the experimental engine data but the 'fitted' temperature only
differs by approximately 30K from that obtained using the original values for b and c. Since this
experimental CARS data was taken from a real engine, one cannot conclude that these adjustments are
physically real, The engine data has been 'conditionally averaged' for some 50 engine cycles with the
condition that crank angle and in-cylinder pressure are constant, The in-cylinder gas is almost
certainly not exactly equivalent from cycle to cycle for the post combustion gases and some small
biasing of the exp. -imental data may have occurred. However, recent theoretical work of Hull(SZ? using
the Energy Corrected Sudden theory, supports the idea that b and c should slightly increase with
increasing temperature. We are currently seeking a satisfactory source of isothermal nitrogen at 1500K
- 2500K for pressures greater than 15 bar to complete the testing of our computer model and to resolve
this small uncertainty,

5.2 30K watt 0i1 Fired Furnace
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FIG. 18. Schematic Niagram of Burner Assembly of 30KW Oil-Spray Furnace

The essentials of the furnace are shown diagrammatically in Figure 18, Briefly it consists of a
hollow 0.3 m diameter water cooled cylinder fitted with an opposing pair of quartz windows; this
allows optical access across a diameter for various heights. The burner consists of an oil-jet
atomiser centred in a swirl vane. The latter supplied with air at nominally S5.T.P. by a blower. The
furnace was mounted on an x, y traverse, and the burner on a vertically (z axis) adjustable platform,
Thie allows the CARS measurement volume to be positioned within a radial plane covering the central 50X
of the furnace tube diameter and from 4 cm to 40 cm above the burner plate, The fuel was kerosene and
was supplied st a pressure of 690 kPa (100 pei) and at a flow rzte of 2.8 x 10—3 m3/hr and air was
supplied at 1.1 n/min,

The results of CARS thermometry are shown in Figures 19 to 22, The map of average temperstures in
degrees Relvin, Figure 19, shows a slight asymmerry which is consiastent with a known velocity saymmetry
in the furnacet These temperatures have been used to compare computer models of droplet behaviour
in combustion; comparisons with this CARS data have been published elsewhere
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The form of the temperature fluctuations for two radial heights (z = 4 cm and £ = 8 cm) are shown in
Figures 20 and 2i. Note that for temperature measurements near the flame sheet (x = 2 at z = 4 and x =
2 or 6 at z = 8) bimodal temperature distributions are observed, this {s intuitfvely expected {f
pockets of burnt and unburnt gases randomly pass through the measurement point. In general we found
that the p.d.f's of temperature were markedly non-Gaussian in and around the burning fuel spray.
Maximus temperature turbulence levels of £ 80X around the mean (measured near the centre of the fuel
spray at z = 4 cm) drop to t 102 in the post-flame zone, 1In the post-flame zone the p.d.f's are close
to normal Gaussians, Figure 22. However, these levels of turbulence are significantly larger than our
instantaneous measurement uncertainty of approximately t 5% in the post-flame to say * 10X at worst
actually in the ofl epray. A plot of temperature variance 18 shown in Figure 23. The variances shown
are cortected for the instrument uncertainty. Peaks in the turbulence level are seen in the ceuntre of
the fuel spray and around {ts edges, where we assume the burning front is located.

We have successfully measured CARS spectra of H,0, 002 and 0, as well as N, in this oil spray
furnace. To date we have processed some of the H20 data, Figure 24 shows CARS spectra of nitrogen snd
wvater from the same point in the post-flame zone. Note that (1) the independent measurements of
temperature agree within 20K and (11) the concentration of water is found to be 8.5%, This
concentration is consistent with the known approximately 75 excess air and assumes full mixing of the
post-flame gases (Kerosene is a cl2'clb paraffin thus perfect stolchfometry would yield (5% HZO).
Furcher confidence in concentration measurements of water vapour await improved spectra data,
particuarly linewidths., Some recent work in this area has recently been completed and further is
planned, improved accuracy should then be forthcoming. This example importantly illustrates that
thermometry and species concentration measurements are simultaneously possible.

6. CONCLUSIONS

The theory and application of CARS thermometry has been discussed and the need for high quality,
accurate spectral models is shown. Important aspects affecting accuracy include:- motional narrowing,
finite laser bandwidth effects, accurate spectral modelling, dye laser noise and detector noise. The
average accuracy of CARS thermometry is generally found to be of order 1-1.5%. Instantaneous
thermometry is shown to have a practical accuracy of 6-7%. The generality of CARS thermometry has been
established with examples of application to two industrial combustion systems, (1) a two-litre
production petrol (gasoline) engine and (2) a 30 kilowatt oil fired furnace.
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DISCUSSION

A.L.Buggele, US
Can you comment on the data rate limitation of your CARS measurement process — for example, can we achieve a
5000 per second sample rate for future engine work.

Author’s Reply
For 1 atmosphere flows, and slightly less, we need 200—300 milliJoules of laser energy per pulse to generate
satisfactory signals. At 5 kHz this gives a mean power of 1 KWatt. Such high power would require an enormous laser.
Also such lasers are certainly not commercially available. Current data rates are also limited to 100—200 Hz for
broadband CARS with multiplex detection. For high pressures > 20 bar much lower powers are required. For these
systems large copper vapour lasers may ultimately allow the potential but this is probably at least 2 to 3 years in the
future.

P.Stewart, UK
The internal combustion engine is an unsteady state system. The spatial resolution has been described — what is the
temporal resolution, i.e. — how long does it take to make a measurement and has the temperature changed significantly
during the course of the measurement?

Author’s Reply
For single pulse measurements the measurement time is typically 10-15 nanoseconds. This is very short compared with
the timescale of fluid flow variations which are likely of order milliseconds. For “steady-state™ systems we use 10—20
Hz sampling and determine the statistics of temperature. For “non-stationary™ systems such as I C engines the above
approach could be used but interpretation of the data would require considerable thought. Typically in the engine all
our CARS data is “conditionally sampled™. With each spectrum we simultaneously recorded full cylinder pressure
histories plus many other timing details such as crank angle and ignition timing. For most data prior to combustion we
can then determine average parameters (such as temperature) for a chosen scenario of conditions. For instance, prior to
combustion for a given crank angle and for a given pressure we can average together all spectra and reduce data
processing needs. However for less well determined conditions (e.g. post combustion) it is still important to process
CARS data single shot so that both mean and r.m.s. etc., quantities may be examined as a function of condition.

M.N.R.Nina, PO
With limited optical access to the petrol | C engine, I would like to know more about the spatial resolution in your
system: In the paper you mention 3—4 mm effective length around the focus which is still very large in terms of the
turbulent reacting structures existing in the flow.

Author’s Reply
Spatial resolution is primarily limited by the need for adequate signal strength. Potentially smaller sampling volumes
may be generated, however higher laser intensity could stress the medium and lead to inaccuracies in the measurement.
Certainly for single pulse CARS it would be most difficult to decrease this figure given that CARS signals scale as the
control volume length squared. These spatial resolutions can be achieved for both BOXCARS and colinear CARS. In
the latter case the lasers must have very pure TEMoo transfer mode characteristics and the Stokes beam should be
reduced to be say 1/3 the diameter of the pump beam prior to the input field lens. Then for short focal length lasers (say
10 cm) phase matching will not be well satisfied before the focus. This technique minimises the possibility of extraneous
signals from possible high density, cold gases surrounding the desired measurement point.

H.May, GE
I think that the shown application of CARS technique to a real Otto-cngine is a very great success and [ would like to
congratulate Dr Greenhalgh for this. The knowledge of the temperature distribution within the engine cylinder during
compression and combustion stroke is very important with respect to knocking phenomena and the mechanism of NO-
formation. Direct temperature measurements in the cylinder are only possible by spectroscopic methods. My question
is in as far it is intended to continue the reseach work in this direction.

Author’s Reply
Much of this work is now continuing, funded by the petrol engine working party group which is described in one of my
references.

R.B.Price, UK
You quote mean temperature accuracies of the order + 15°K as being possible over the full temperature range of
interest in turbulent combustion. To achieve this

(a) How many single shot spectra have to be recorded?
{b) What is the method of processing? Do “quick fitters™ give this accuracy?

i
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Author's Reply

(@)  Single pulse noise is typically ar worst £ 100 K, thus at feast 100 spectra are required to potentially reduce
uncertainty to £ 10 K. We commonly use 500 spectra however 50 spectra for many circumstances are perfectly
adequate.

(b)  We do not use “quick fitters™ for two reasons:

({y Wehaveyettofinda satisfactory method with “quick fitters™ that allows for unpredictable changes in nitrogen
concentration (eg turbulent diffusion flame). This could be avoided by Background Suppression. We find that
background suppression is expensive in signal (typical 3(} fold) and for many practical conditions we would not
wish to use higher laser powers.

{ii) Even on near perfect (high intensity high detector count) single pulse real data we have found that typical “quick

fitters™ can lead to unpredictable apparently systematic errors of + 50 K or worse. On the same data least-squares
gives + 15 K. We speculate that part of this reason arises from the Poisson Detector noise that markedly affects
weaker parts of the spectrum. Quick fitters only use part of the spectral data and may be much more susceptible to
noise in certain parts of the spectrum. The particular effect of this noise, combined with dye laser noise is clearly
shown in Figure 15. It should also be noted that Poisson multichannel detector noise is pink noise. i.e. it is white
noise and its has a cutoff in detector spatial frequency of order 3—4 channels (eg the same as detector cross-talk).
This cut off is most important since it means that there is no averaging at Poisson noise in any signal analysis as
would be the case if Poisson was truly independent per channel.
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ACCURATE MEASUREMENTS OF COMBUSTION SPECIES
CONCENTRATIONS USING CARS

R. L. Farrow
Combustion Research Facility
Sandia National Laboratories
Livermore, California 94550

SUMMARY

We present results of research at the Combustion Research Facility, Sandia
National Laboratorids,, on improving the capabilities of coherent anti-Stokes Raman
spectroscopy (CARS) for species concentration measurements in combustion gases.
Scanning CARS experiments based on single~ and multi-mode Nd:YAG lasers, and on
pulse-amplified and conventional pulsed dye lasers have been used to evaluate an in
Situ normalization technique, to measure Raman linewidths in flames, and to determine
nonresonant electronic susceptibilities. We discuss experimental and theoretical
considerations affecting concentration measurement accuracy.

1. INTRODUCTION

Coherent anti-Stokes Raman Spectroscopy (CARS) is one of the most widely applied
optical techniques for measuring temperature and species concentrations in combusting
gases. Measurements have been reported for a variety of combustion systems, ranging
from laboratory flamesl~—4 to jet engine exhausts.> However, in comparison with its
thermometric capabilities, the development of CARS for quantitative density or
concentration determinations is less mature. Concentration measurements are more
difficult because the nonlinear nature of CARS signal generation can give rise to
intensity variations not correlated to sample density. Short-term fluctuations,
associated with pulse-to-pulse laser pulse variations, and long-term changes,
associated with beam alignment drift, are typically observed. Thus, referencing
schemes are usually required to normalize signals for density measurements.

Most referencing schemes that have been used to measure concentrations with CARS
can be classed among the following: (1) measuring a ro-vibrationally resonant signal
from the species of interest and normalizing its intensity by nonresonant signals
generated with the same laser pulses from external media,3:6 (2) normalizing resonant
signals by nonresonant signals generated from the sample itself, '8 and (3) inferring
concentrations from the spectral shapes of CARS measurements containing significant
nonresonant intensity.9"11 The first method is capable of yielding densities from
the normalized signal intensities, but is sometimes limited by incomplete correlation
between the reference and sample signals. The third technique provides mole
fractions by indirectly comparing resonant to nonresonant susceptibilities, but lacks
sensitivity and accuracy for very low or high concentrations.l0r1l The second method
is capable of higher sensitivity than either (1) or (3) and can provide significantly
better signal reproducibility.

In this paper, we present an investigation of the nonresonant susceptibility
normalization technique for high-pressure, room- temperature measurements and for
minor species measurements in atmospheric-pressure flames. We also report high-
resolution CARS measurements of Raman transition linewidths in flames and a
measurement of the nonresonant susceptibility of H,0, both using a single-mode Nd:YAG

laser.

Methods (2) and (3) above are based on inferring concentrations by comparisons
of resonant with nonresonant electronic susceptibilities. [In the case of (3) the
ratio of these quantities affects the observed spectral profile.] A quantitative
determination of the mole fraction of the resonant species requires knowledge of the
nonresonant susceptibility of the total mixture, which must be measured independently
or modeled. In addition, a means of calculating the resonant susceptibility spectrum
for a given concentration is necessary. These susceptibilities sre usually used to
generate a theoretical CARS spectrum that is varied for best fit to the observed
spectrum. The computed spectrum must also take into account the spectral profiles of
the lasers and, for multiplex CARS, the instrument function of the detection system.

In many instances, the accuracy of the resulting concentration measurement is
not limited by experimental noise but by uncertainties in spectroscopic parameters
used in calculating the susceptibilities. For most combustion-related species, the
accuracy of theoretical resonant susceptibilities is primarily limited by the
accuracy of Raman linewidths used in the calculations. (At elevated pressures,
collisional narrowing processes have a significant effect on resonant spectra, and
theoretical predictions are quite model—dependent.lz) As these linewidths are not
resolved in most CARS experiments, linewidth modelsl3 based on flame observations by
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high-resolution inverse Raman spectroscopyl4 (IRS) are typically used. However, the
scope of such data is currently limited with respect to species, collision partners,
and gas temperature. The recent availability of commercial single-axial mode N4:YAG
lasers, and development of pulse-amplification techniques providing near-transform-
limited tunable radiation permit high-resolution CARS experimentsl3 capable of
measuring these linewidths directly. We have used a gscanning CARS system with a
resolution better than 0.005 cm~! to measure spectra of CO and N, in a methane/air
flame. Raman linewidths derived from these me_surements are compared to infrared
linewidths measured in similar flames by Varghese and Hanson.l16

In the absence of independent knowledge of the background susceptibility,
nonresonant electronic susceptibilities of combustion species are needed for
inferring concentrations with methods (Z) and (3). As in the case of Raman
linewidths, limited data exists for combustion-related species. Early measurements
by Rado,l17 with scale factor corrections suggested by Eckbreth and Hall, 10 Lundeen et
al.,18 and Rosasco et al.,l19 are typically used for important species such as Nj,

COy, CH4, etc. Recently, techniques based on caRS18 and field-induced second-

harmonic qeneration20 have provided nonresonant susceptibilities for gases at room
temperature. We report a method using CARS that is applicable in flames as well as
in sample cells. Measurements of N, and Ar using this technique compared well with

previously reported results; 19 new investigations of the nonresonant susceptibility
of Hp0 are described.

11, NONRESONANT BACKGROUND NORMALIZAIION

For this technique the anti-Stokes beam is divided with a beamsplitter, and the
resulting beams are directed to separate polarization analyzers and detectors. One
polarizer is oriented to reject the nonresonant background and transmit the Raman
(ro-vibrationally resonant) components of the signal. The other polarizer is set to
reject the dominant Raman components and transmit primarily the nonresonant
background signal. The resonant signal is then divided by the nonresonant background
signal for each laser pulse. This ratio is concentration- and temperature-sensitive,
while being relatively insensitive to overall CARS signal fluctuations and drift.

The sample can be said to provide its own normalization signal for concentration
calibration because the nonresonant susceptibility is, in many cases, insensitive to
gas composition. Tha2 method represents an improvement on a similar approach

suggested by Oudar et al.’ that uses a single polarizer.

The capabilities of the background normalization technique are illustrated in
two experiments. The first demonstrates that high-precision, narrowband measurements
using a single laser pulse are possible in low-temperature or high-pressure media.
The second experiment includes time-averaged species concentraticn and temperature
measurements obtained in an atmospheric methane/air flat flame. The latter results
illustrate the analytical capabilities of background-normalized CARS for steady-state
or reproducible combustion processes.

A crossed-beam, three-dimensional phase matching geometry was used to obtain a
probe volume diameter of ~80 um by 4 mm in length. The CARS pump beam was provided by
the fregquency-doubled output of a Molectron MY-32 Nd:YAG laser, which had a bandwidth
of 0.1 cm~l (FWHM). Part of the $32-nm radiation pumped a scannable dye laser
(Molectron DL-18), which had a bandwidth of 0.1 cm~!. As shown in Fig. 1, a
beamsplitter was inserted into the anti-Stokes beam path to reflect 30% of the signal
to one polarizer (nonresonant channel) while transmitting the remainder to a second
polarizer (resonant channel).
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The two polarizers were adjusted to produce a background-free (resonant)
spectrum and a spectrum with the Raman contributions mostly suppressed (background).
The resonant spectrum was obtained by rotating one polarizer to an angle 60 degrees
from the vertically polarized pump laser. With the probe laser polarization at -60
degrees from the vertical, this orientation results in rejection of the nonresonant
background and in partial transmission of isotropic and anisotropic Raman components.
This background-subtraction technique has been shown to improve scanning CARS species
detectivity.21 The second polarizer was oriented to reject one Raman symmetry
component, while transmitting the nonresonant background (along with part of the
other Raman component). Both spectra, as well as the spectrum formed from their
pulse-by-pulse ratio, were recorded.

Half-wave retarders were used to rotate polarizations of the analyzed signal
beams to the same angle in order to maintain equivalent transmission through a filter
monochromator (SPEX 1870). The two signals were separately measured using
photomultiplier tubes (RCA C-31034A) wired for amplification with six dynodes, charge
integrators, and digitizers. Relative detection channel sensitivity was determined
by measuring the relative responge to a nonresonant CARS signal with both polarizers
rotated to the same angle. The data were acquired and stored using a PDP 11/34
computer.

Studies of the pulse-to-pulse reproducibility of normalized CARS signals were
performed in a mixture of CO and Ar gases with respective mole fractions of 0.04 and
0.96, and at a temperature of 297 K. A pressure of 10 atm was chosen so that the
collisionally broadened Raman linewidths overlapped to form an envelope that was
fully resolved by the combined laser linewidths.

The ratio of resonant to nonresonant CARS signals was found to have a
reproducibility approaching the shot-noise limit in single-pulse measurements on the
10-atm CO/Ar mixture. At the peak of the CQO Q-branch bandhead, the RMS standard
deviation of the ratio was measured to be 2%. The corresponding distribution of
measurements was symmetric and nearly Gaussian. In contrast, the standard deviation
of the individual, non-normalized signals exceeded 12%. Shot noise was calculated to
be 1.2% based on detecting 19,000 and 10,000 photo-electrons in the two respective
channels. Fig. 2 shows the resonant, nonresonant, and ratio spectra of the CO Q-
branch obtained by stepping the probe laser frequency after each laser pulse (note
that the square root of intensity is plotted, so that peak heights are proportional
to density). The relatively high noise in the non-normalized data is characteristic
of CARS signals generated with multi-mode lasers, and results from pulse-to-pulse
temporal and spatial variations in the laser fields. This noise is greatly reduced
in the ratio because fluctuations in the two signals are highly correlated.
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2. Resonant foreground (a), nonresonant background (b), and background-normalized
(c) CARS spectra of the collisionally narrowed Q-branch of 0.04 mole fraction CO
in Ar at 10 atm, obtained by stepping the probe laser frequency. Signals were
measured after each step using a single laser pulse. Reproducibility at the peak
was $2%. The square root of the intensity is plotted.

The remaining noise in the ratio arises primarily from shot noise, from
different detection channel responses to the fluctuating spatial profiles of the two
anti-Stokes beams, and from noise induced by frequency fluctuations in the lasers.
The nonresonant signal is much less sensitive to these fluctuations, in comparison tc
the resonant signal, because the nonresonant susceptibility is nearly independent of
frequency. Thus, stable lasers with bandwidths smaller than the Raman linewidths of
interest are required for highest repeatability in the signal ratio.

111. CARS SPECTRAL ANALYSIS

For analytic measurements, we developed a CARS analysis computer code to
interpret normalized, scanned spectra. The code yields temperature and relative
species concentrations by calculating foreground and background spectra, forming the
ratio, and fitting the result to a background-normalized experimental spectrum.
Species concentrations expressed in mole fractions of the total gases can be
determined, provided the in gsitu nonresonant susceptibility is known. If desired,
absolute densities can be computed from the fitted temperature and an independent
pressure measurement.




Calculation of the theoretical resonant susceptibility has been described
previously.‘ln:22 A significant improvement for the present analysis is that the
contributions to the CARS spectrum of up to four species can be included
simultaneously. This is accomplished by summing the contributions of the species to
the total susceptibility amplitude over all transitions that fall within the desired
frequency range. The wing of the N2 (-branch, which can be significant, is also
included if the Ny Q-branch lies outside the desired range, as is the case for the CO
Q-branch. The temperature and relative concentrations of all species are specified
or varied for best fit. We included contributions from N3, CO, and H; for analyzing

spectra in the region of the CO Q-branch.

The temperature and J-dependence of CO Raman linewidths were modeled according
to high-resolution infrared (IR) P- and R-branch measurements of extracted
methane/air post-flame gases by Varghese and Hanson.l® (Rosasco et al.23 have
reported good agreement between Raman Q-branch and IR P- and R-branch linewidths of
pure CO.) Best straight line fits to the J-dependent IR linewidths at 300 K and 1850
K were used to derive a temperature-dependent model given by:

Y(J,2,T) = (ar~0.77 - gpr-1.3%p, (1)

where A = 6.89, B = 2.026, P is the pressure in atm, and ¥(J,P,T) is the HWHM in em~1l,

Linewidths of Hp and Ny were based on high-resolution inverse Raman measurements
by Rahn et al.l4:24 The linewidths of individual nitrogen Q-branch transitions
observed in a methane/air flame were fit by a fifth-order polynomial4 and scaled
according to pr-0-5, Nitrogen O-branch linewidths were approximated by Q-branch

values multiplied by 1.15, according to O-branch investigations by Rahn.25 The
linewidth of a single pure rotational S$(9) Hp transition was similarly based on

direct observation by Rahn.25

Due to lack of sufficient collisional broadening data, linewidths were not
adjusted according to gas composition. This approximation is reasonable here because
of the predominance of N throughout the flame. Collisional narrowing effects
associated with line overlap were also neglected. However, perturbations introduced
by these effects are expected to be small in an atmospheric-pressure flame.

Transition frequency accuracy exceeding 0.03 cem~l was required due to numerous
overlapping lines among these species. We used molecular rotational and vibrational

constants of CO and Hp reported by Guelachvili2® and by Jennings et al.,27
respectively. N constants are from unpublished results of Rahn and 0wyounq.14
These constants are in good agreement with those reported by Gilson et al.28

Based on recent new investigations,18119'29 values used for theoretical
nonresonant susceptibilities were derived from the data of Radol” using a
multiplicative factor30 of 6.25. The flame nonresonant susceptibility was measured
relative to that of nitrogen in a manner described below. This ratio was then
multiplied by the theoretical nitrogen value and used as input for the flame
nonresonant background calculations. Raman cross-sections for N and CO compiled by

Schrotter and Klockner3l were used in the calculation of resonant susceptibilities.
The polarizability anisotropy reported by Bridge and Buckingham32 for Hp was used for
the pure rotational S(9) line.

To analyze each background-normalized spectrum, two theoretical spectra were
calculated according to the experimental analyzer angles for the respective
foreground and background channels. To account for the linewidths of the lasers,
which were in all cases larger than the Raman linewidths, these spectra were
convolved using the formula described in Ref. 29. This new convolution was proposed
by Kataoka et al.33 ana by Teets.34 It can differ significantly from the widely used
Yuratich expression35 in predicting the ratio of resonant to ‘nonresonant intensities
when the pump linewidth is broad relative to Raman lines. A normalized spectrum was
then computed from the point-by-point ratio of the convolved spectra for comparison
with the data.

1Y, FLAME MEASUREMENTS

Normalized CARS measurements in atmospheric combustion environments do not
exhibit the high pulse-to-pulse repeatability observed for the 10-atm CO/Ar mixture.
The primary reason is an increase in shot noise in the weak nonresonant intensities
from high-temperature gases. For example, we typically observe ~100 counts per laser
pulse in nonresonant signals from post~flame gases. In addition, frequency-jitter-
induced noise occurs in the resonant signals, since our multi-mode lasers did not
resolve Raman linewidths in flames. Thus, we acquired flame spectra by averaging 30-




60 laser pulses per probe frequency step, resulting in up to 40-minute scan times.
The signal-to-noise ratio of the background-normalized measurements was nevertheless
approximately a factor of two better than for the raw signals in the separate
resonant and nonresonant channels.

The burner used for the flame measurements consisted of a stainless-steel
honeycomb plug 50 mm in diameter, surrounded by a 75-mm-o.d. coflow annulus. A
methane/air flame with a stoichiometry of 1.32%0.13 and a dry air coflow was
stabilized on the burner. With this stoichiometry the flame front was located 2.0 mm
above the burner surface, as indicated by the measured temperature profile.
Enclosures shielded the flame from room drafts. CARS measurements were made at
points along the centerline extending from 1.1 mm to 20 mm above the burner.

Measurements on extracted post-flame gases were performed using a low-pressure
gas sampling system. We used a quartz probe with a water-cooled jacket. The probe
was inserted into the post-flame gases at a height 10 mm above the burner. The
outlet of the probe was connected to a windowed sample cell and the system was
operated with a continuous flow of gas at a cell pressure of 25 torr.

Absorption spectra of CO were measured using two passes through the sample cell,
for a total path length of 80 cm. The IR source was a single-mode F-center laser,
Burleigh model FCL-20. This laser was scanned by tuning an intra-cavity etalon,
resulting in discrete frequency steps at the cavity mode spacing of 0.01 cm~l. The
linewidth of the laser was <0.001 cm~l.

A rich methane/air flat flame was chosen to test the utility of the ratio
technique as a probe of steady-state combusting flows. The rich flame was
investigated for several reasons, including the presence of appreciable quantities of
CO and Hpz, and the ability to accurately predict the post-flame concentrations of
these species via thermodynamic equilibrium models. The relatively large distance
between the burner surface and the flame front allowed probing of the preheat region
and the flame zone.

Background-normalized spectra of isclated N O-branch transitions and of the CO
ground-state and first hot-band Q-branch were measured at various heights on the
centerline above the burner. The Np O-branch spectra were analyzed for temperature
and Nj concentration through least-squares fitting. These transitions were chosen
because they occur in the vicinity of the CO bandhead and are easily and efficiently
analyzed. Also, it is possible to completely suppress the relatively weak Ny O-
branch intensities in the background channel, providing a flat reference spectrum.
(Intense Nz Q-branch signals could not be suppressed entirely.)

CO concentrations were determined from the CO Q-branch spectra using the
temperatures obtained from the Ny O-branch spectra. Due to the extensive time

required to compute CO Q-branch spectra (involving over 200 transitions) we did not
perform least-squares fitting. However, because of the normalization method and the
use of background subtraction, varying the theoretical CO concentration primarily
amounted to adjusting the vertical scale factor. Thus, we judged that a visual fit
was accurate to ~5%.

To minimize uncertainty in deduced mole fractions, which are normalized to the
flame nonresonant background, a method was devised for measuring the latter directly.
Using one channel, the polarizer was rotated to 87.8 degrees to reject the Ny Q-
branch susceptibility. With the probe laser tuned far from resonance with any O-
branch transition (near 2182 cm~1), the resulting signal was predominantly due to the
nonresonant electronic susceptibility. This signal was measured at various flame
positions and compared to that of the room-temperature air coflow. Using measured
flame temperatures, these ratios were corrected to yield flame nonresonant
susceptibilities relative to N at the same densities.

The measured nonresonant susceptibilities at various heights in the flame,
together with temperatures measured at the same positions from O-branch spectra, are
shown in Fig. 3. We see that the relative susceptibilities are all greater than
unity, i.e., greater than that of N;. This result is consistent with the fact that

many flame species, including CH4 and COz, have nonresonant susceptibilitiesl? larger
than N;. A mixture-weighted calculation using the input CHg, N2, and Oy fractions is
indicated by an X on the ordinate of Fig. 3, and is slightly lower but in reasonable
agreement with the susceptibility measured closest to the burner. Since the
background measurements in the flame and in the room-temperature air coflow were both
non-normalized measurements, the accuracy is probably limited by such systematic
effects as slight beam steering in the flame.

In many cases, the flame nonresonant susceptibility can be estimated rather than
actually measured. Accurate predictions require knowledge of relative concentrations
and nonresonant susceptibility values for all major species, which are not always
available. However, as previously noted,36 in near-stochiometric, air-fed
combustors, the nonresonant susceptibility (mc.ecular basis) will not vary greatly
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with combustion. This expectation is in agreement with Fig. 3, where the
susceptiblity changes by only 15% from reactants to products.

20 2008 3. Measurements of temperature
5 (squares) and nonrescnant
18 100 2 susceptibility (circles) measured
_{‘ - along the centerline of a rich (@ =
LRLE | voo 1.32) methane/air flat flame. The
= <
-~ nonresonant susceptibility magnitude
X 144 - s00 is relative to that of N2. An X
2; ° symbol on the left ordinate
a m\‘*\—‘ | 400 indicates the susceptibility
e calculated from reported valuesl7-19
10 ° for the input gases. Solid lines
00 40 .0 20 w0 200 are smoqch curves drawn through the
HEIGHT ABOVE BURNER (mm) data points.

The concentration of Ny was measured from background-free spectra of 0(19)

(v=0—1) and O(16) (v=1-32) near 2177 cm~l, normalized by the nonresonant background
spectrum. A polarizer angle of 37.6 degrees from the vertical was used for the
latter. The resulting background-normalized spectra were analyzed using the CARS
computer code described previously. Parameters varied for best fit included N3
concentration, temperature, pump linewidth, and vertical offset (foreground spectrum
only, to account for small zero errors). The inclusion of both v=0—-1 and v=1-2
transitions in the measured spectra provided temperature information from the
relative peak heights. Concentration sensitivity derived mostly from the ratio of
peak to background intensity.

In the course of these measurements, we investigated the effects of two factors
on concentration accuracy: laser field intensity and choice of model for convolution
over pump laser linewidth. Both factors can result in underestimation of
concentration. In particular, we examined under what conditions excessive laser
power can lead to Stark broadening effects.37,38 we also tested the significance of
using the Yuratich convolution theory35 rather than the results of Kataoka et al.33
and Teets.34 These latter equivalent models account for the finite linewidths of the
pump and probe lasers, which are significant when Raman linewidths are not fully
resolved. The Yuratich model does not properly account for the pump laser
linewidth,29l34 but requires considerably less computation time.

The initial N, concentration profile, measured with the pump laser focused to an

intengity of 140230 GW/cm2, is shown by the square symbols in Fig. 4. A cross symbol
on the abscissa indicates the input N; mole fraction. The measured concentrations
are observed to decrease rapidly as temperature increases (Fig. 3), falling to nearly
one-half the input value. From equilibrium calculations of the post-flame
composition, this reduction of Ny mole fraction appeared excessive. Further
investigation revealed that the ratio of peak-to-background intensities, and hence
the inferred concentration, was dependent on the pump laser intensity, with higher
powers resulting in lower concentrations. This result is illustrated in Fig. 5,
which shows that at minimum usable power levels the concentration was nearly
constant, but at a relatively modest 70 GW/cm2 intensgity, the measured concentration
was reduced by ~15%. Since higher pump intensities had been used for the data marked
by squares in Fig. 4, the effect would have been even more pronounced. Temperature
measurements were not significantly perturbed, as both v=0—1 and v=1-92 transition
intensities were similarly affected (typical temperat.ire uncertainty was 50 K).

4. Measurements of N concentrations along
10 the centerline of the flame, based on
background-normalized CARS spectra of O-
08 branch transitions. Triangles indicate
measurements obtained using total pump
s & - o intensity <30 GW/cm2. Squares show data
measured with excessive pump intensity,
45 mJ energy, resulting in 140 GW/em2,
and illustrate the effects of Stark
broadening. Circles represent data
02 analyzed using a more efficient but less
rigorous convolution theory35 to account
P | for the pump laser lineshape. The
! T T T T N

00 40 2o theory of Kataocka et al.33 and of

[ 1] .0 200
HEIGHT ABOVE BURNER (mm) Teets34 was used to analyze the other
data. Lines are smooth curves drawn
through the data points.

(N,] (mole fraction)
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S. Illustration of Stark broadening of N3 O-branch transitions and its effect on
inferred mole fracticn concentrations ({(denoted by "n"). Spectra are background-
normalized to the nonresonant CARS signal, so peak intensities should be
independent of pump laser power. The square root of the signal ratio is plotted.

Several possible explanations for the dependence of peak-to-background ratio on
pump intensity were examined. Detector linearity was checked over the appropriate
range of signal strengths. We verified concentration calibration at room temperature
by measuring the ambient concentration of Ny, with resulting accuracy better than Sk.
The possibility of significant saturation by stimulated Raman pumping was eliminated
by the observation that the effect was not dependent on the prc¢ : intensity
(typically much lower than that of the pump), and by theoretica. estimates of pumping
rates.

Instead we attribute these results to Raman linewidth broadening resul.ing from

dynamic Stark splitting of the rotational transition.37 The apparent temperature
dependence of the effect results from the fact that smaller linewidths occurring at
higher temperatures are more effectively broadened by the splitting, whose magnitude
is independent of temperature. This hypothesis was supported by calculations based

on a classical polarizability-derivative model for the Stark splitting. The
calculations predicted a linewidth broadening effect of 0.012 cm-1/100 GW/cm2,
compared with a broadening of 0.016%0.003 em~1/100 GW/cm? inferred from our
observations. This was considered consistent in view of the approximations of the
model (e.g., the laser fields were assumed spatially uniform).

, Following this study we substituted a beam-focusing lens with a longer focal

length (42 cm instead of 30 cm) and reduced the pump intensity to a level where
broadening effects were not observed, i.e., below 30 GW/cm2. (Note that similar
Stark splitting effects are expected to be less important for Q-branch transitions
because splittings occur only for depolarized spectra.37’40)

The N2 concentration measurements obtained with reduced pump intensity displayed
little temperature dependence, and agreed closely with the input Ny mole fraction.

Represented by the triangle symbols plotted in Fig. 4, the concentration profile
shows relatively little variation as a func .ion of temperature or height in the
flame.

We also investigated the error introduced by using the computationally efficient
Yuratich convolution35 to account for the laser linewidths. The circles in Fig. 4
show the results of analyzing the same data as above, but using the Yuratich formula
rather than the more rigorous Kataoka33 or Teets34 results. For all but the lowest
measured temperature, the former method gave a concentration ~10% lower than the
correct one. The fact that the difference was not larger is probably due to the use
of an etalon in the Nd:YAG pump laser, resulting in a FWHM linewidth of 0.1 cm~l at
532 nm. 1In previous investigations of this effect,39,29 Nd:YAG lasers with
bandwidths of 1.0 cm~1 and 0.7 cm'l, respectively, have been used. We observed no
;iggig;cant differences between temperatures measured using the two convolution

ods .

A__‘;‘f;_‘

CO concentration measurements were obtained from normalized, background-free Q-
branch spectra of the CO ground-state and first hot-band. This spectral region
contains contributions from three species, allowing CO, Nz, and Hp concentrations to

be monitored. A typical foreground spectrum measured 20 mm above the burner is shown
in Fig. 6a. The prominent lines near 2153 and 2143 cm~l and between several CO Q-
branch lines are N O-branch transitions. An Np 0(22) transition at 2124.78 cm™l
coincides with the CO Q(32) frequency and results in destructive interference. A
pure rotational S(9) transition of Hy is observed at 2130.1 cm~l,
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A resonant spectrum was calculated using the temperature and N3 concentration
measured previously, and CO concentration as described below. The result is shown in
Fig. 6b. The agreement with experiment is good except for small discrepancies
involving intensities of interspersed Ny O-branch lines, which are typically
overestimated. As high-resolution measurements revealed later, these differences
partly resulted from slightlv inaccurate N2 O-branch transition frequencies and

linewidths. In addition, the laser field intensity was ~70 GW/cm?, which probably
caused Stark broadening of the Ny O-branch, but not the CO Q-branch, transitions. In
one case, the intensity of the 0(23) N, transitior, which coincides closely with the
CO pandhead frequency, is underestimated. However, other researchers have reported

similar difficulty in modeling the bandhead region of neat CO.41 Thus, some of the
discrepancy may stem from the CO spectral model rather than its interaction with Np

O-branch lines. Stufflebeam et al.4l have suggested that the spike may resuit from
the effects of correlated mode amplitudes in the pump beam fields.

The nonresonant backyround spectrum for these data was measured with the
polarizer oriented 86.2 degrees from the vertical to reject Q-branch components. Njp

and Hp rotational transitions, having anisotropic symmetry, were not rejected and

appear as relatively weak peaks interfering with the background. Figure 6c shows the
background spectrum measured 20 mm above the burner surface. Except for the S(9) Hp

transition, all features are due to Np O-branch transitions. Since this spectrum is

later divided into the foreground data, these features will affect the ratio spectrum
and thus must be included in calculations. The corresponding theoretical background

is shown in Fig. 6d. An Hy mole fraction of 0.03 gave the best qualitative agreement
with the data.

As shown in Figs. 6e and 6f, the normalized experimental and theoretical spectra
are in good agreement when a CO mole fraction of 0.059 is used. Note that the
normalization permits a direct comparison between the normalized theoretical and
experimental intensities. Varying the theoretical concentration essentially varies
the CO peak amplitudes.

Varying the theoretical CO concentration for best agreem nt with the data
resulted in the profile indicated by circles in Fig. 7. The CO concentration is seen
to follow the temperature profile, reproduced from Fig. 2 and indicated by squares.
Above 3 mm the concentration maintained a constant value of 0.06010.003. We also
made measurements along a flame radius to establish the minimum observable CO
concentration for our system. A CO mole fraction of 0.0035 was easily detected at a
temperature of 1900 K. From these data we estimate a minimum detectable CO mole
fraction of 0.001 for a 20-minute measurement time.

For comparison with the CARS concentration results, IR absorption measurements
of CO were performed on post-flame gases extracted with the sampling probe. After
being drawn from the flame at a height 10 mm above the burner, the gases were
measured at room temperature and 25 torr. This low pressure prevented condensation
of Hp0 and inhibited conversiou of CO to CO2. Using similar flow systems, good

agreement has been reported among ©O concentrations analyzed in gases from rich




flames, in situ flame absorption results,?2 and flame calculations assuming chemical
equilibrium.42,43

0.0 T— - 2000 7. CO concentration profile
P (circles) obtained from data
15 008 1600 2 such as those shown in Fig. 6.
Fl = Squares are temperatures
= (4 reproduced from Fig. 3. The
o 0081 200 5 triangle symbol indicates the
g . g CO concentration measured by IR
= 004 I 800 5 laser absorption in flame gases
—_ % extracted at this height. The
[} ] Laco P cross symbol shows the result
G ooz 4 of a thermodynamic equilibrium
= calculation for the post-flame

0.00 T —T T 0 gases.
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Spectra of the CO overtone (v=0-32) R{18) transition were measured in the
equilibrated flame gases and compared with spectra from an assayed gas sample of
0.11010.002 mole fraction CO in Ny at the same pressure and temperature. A
comparison of spectrally integrated line strengths indicated a CO mole fraction of
0.05%0.01 in the flame gases. The estimated error arises primarily from uncertainty
in the baseline for determining absorbed laser power (there was approximately 50%
absorption at line center in the flame gas).

This result is in reasonable agreement with the CARS result of 0.062%0.015 for
the mole fraction of CO measured at the same flame position. The 25% uncertainty for
the concentration of CO determined from CARS is largely systematic. An experimental
precision of #0.003, or 5%, is due to random noise and fitting errors. Systematic
errors result mainly from uncertainties in theoretical nonresonant susceptibilities,
Raman and laser linewidths, and Raman cross-sections, which govern the predicted
ratio of resonant to nonresonant CARS intensities. For CO these factors are
estimated to contribute 20% to the concentration uncertainty. For Nz, this
uncertainty is smaller, approximately #10% due to more accurate Raman linewidth and
cross-section data. Other possible error sources are uncertainty in determining the
flame nonresonant susceptibility (*10%) and the relative detection cphannel gain
(#5%). Thus, the total Ny concentration uncertainty is estimated to be +20%.

To obtain maximum species detectivity, all CARS measurements were performed
using nearly equal pump beam path lengths. This geometry maximizes signal strength
but can lead to anomalous enhancement of nonresonant compared to resonant
intensities, and thus subsequent underestimation of concentrations.29 The relative
enhancement occurs only when the CARS pump laser is broader than transition
linewidths, and when the two pump beams are mutually coberent.29/44 This effect is
associated with random fluctuations of the field within a single laser pulse.

From measurements in gas cells at various pressures, we estimated the resulting
concentration underestimation to be £5% for the isolated Ny O-branch lines, and

probably negligible for the CO Q-branch.45 This result, as well as the simplified
convolution requirements, points out the value of using narrowband pump lasers for
CARS measurements. Because of the dominance of other systematic errors, we did not
apply any correction to the No concentration results.

A calculation of relative species concentrations based on metered input flow
rates and measured flame temperatures was also in good agreement with the CARS
results for CO and N;. To make the calculation, we used the DEQUIL computer code, 46
which assumes thermodynamic equilibrium. The result for CO was a mole fraction of
0.06240.020, with error limits due to uncertainty in temperature (150 K) and
equivalence ratio (%10%). This value compares well with the aveirage post-flame CARS
result of 0.061%0.915 molar. For Hy the calculated mole fraction was 0.055%0.025,
whereas the CARS result was 0.030+0.015. The latter had a relatively large
uncertainty because the measurement was based on a single line which could only be
clearly observed in the relatively noisy background spectrum, and any residual Stark
splitting would have been enhanced by the low J number (J=9 compared to J>20 for the
N2 trangitions). More accurate results could be obtained by measuring the Hp Q-

branch near 4192 cm~l, but this approach would provide little information on other
species. Finally, the calculated molar concentration of 0.64010.025 for Ny is in

excellent agreement with the average post-flame CARS measurement of 0.641.
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Y. HIGH-RESQLUTION MEASUREMENTS

The experimental configura*ion of the high-resolution scanning CARS experiment
is similar to that previously described, except that the laser sources are different.
A VAX 11/730 computer acquired the digitized anti-Stokes signal and normalized the
signal strength for each laser pulse by the measured Stokes energy and the square of
the pump energy; 5-8 pulses were averaged for each Stokes frequency step.

The pump radiation was provided by the frequency-doubled output of a modified
Molectron MY-34 Nd:YAG laser equipped with a MY-SAM single-axial-mode option. During
data acquisition, the $32-nm frequency of the laser was monitored for single-mode
operation with a 3-Ghz free~spectral-range Fizeau interferometer. We estimate the
pulse-averaged linewidth (HWHM) of the laser to be less than 25 MHz at 532 nm, based
on measurements of other single-mode Molectron Nd:YAG 1asers.47 For the Stokes
radiation, 60 mJ of the total 90 mJ 532-nm output was used to pulse-amplify the cw
beam from a Coherent 699-29 actively stabilized ring-dye laser. The linewidth (HWHM)
of this laser after three dye amplifier stages was measured to be 35 MHz. The Stokes
frequency was stepped in increments of (3-5) x 10-4 cm~! via an externally applied
programming voltage. The frequency scan was calibrated by measuring fringe spacings
from a 750-MHz monitor etalon.

Each Raman linewidth was determined by least-squares fitting a restricted
spectral region containing the transition of interest. For each fit, a fitting
parameter was used to simultaneously vary all the transition linewidths by a
multiplicative factor; this technique minimized fitting time, yet provided
essentially independent transition linewidths because the wings of neighboring
transitions depend only weakly on linewidth.

The same methane/air flame used previously was operated with a total flow rate
of 6.030.24 SLPM and an equivalence ratio of 1.4%0.1. Measurements were performed 10
mm above the flame zone, which was ~3mm above the surface of the honeycomb burner.
An air sheath flow was used to stabilize the flame. A flame temperature of 1690140 K

was measured from least-squares fits of the v=0-»1 and v=1—32 Q-branch bands of Np,
obtained with a conventional pulsed dye laser (HWIIM linewidth of 0.015 cm~ly .

The use of narrowband lasers to measure relatively small linewidths requires
that precautions be taken to avoid broadening by two-photon Raman saturation.48
Stark-broadening can also be significant. The lasers were focused using a 400-mm-
focal-length lens and f-numbers >70 to obtain large focal diameters (80-100 um) and
low power densities {(pump: 1816 Gw/cmz, probe: 642 GW/cm?2) . We checked for
saturation effects by measuring the dependence of peak signal intensities on Stokes
laser power; the depeandence was found to be linear. Stark effects were estimated38
to contribute no more than 10-3 cm~l to the linewidths.

To further verify the absence of saturation in the spectra and to check the
fitting methods used to extract linewidiths, measurements of Q-branch linewidths of Nj

in a buffer of Ar at 250 torr were compared with recent values reported from IRS

experiments.2? The measured CARS linewidths were found to be, on the average, 5%
lower than the 250-~torr collisional widths computed from the IRS broadening
coefficients. (Doppler contributions to the linewidth at this pressure are
negligible.) These differences are well within the uncertainties of $10% quoted for

the IRS measurements29 and $10% estimated for the CARS linewidths.

Observations with IRS of Np O-branch transitions in a flame have not been
attempted because of low signal strength. The data points in Fig. 8 show a CARS
spectrum of the 0(22) transition of Ny at 2151.97 cm~l, measured in the flame. The
solid curve is a calculation, with the Raman linewidth varied for »est fit. The

average of two such measurements gave a linewidth (HWHM) of 0.017%0.0017 cm~l at 760
torr. This result is 20% smaller than estimated above, based on room-temperature O-

150
— i 8. Experimental spectrum of the
% 128 T = 1830 K 1 . 0(22) transition of Ny in a
3 methane/air flat flame at 742
£ 1004 torr, indicated by data points.
2 | The flame gas temperature was
S o measured to be 1690 K from
>* analysis of Nz Q-branch
§ 060+ spectra. The solid curve is a
w theoretical spectrum with the
Z o™ Raman linewidth varied for best
= fit.
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branch linewidths measured with IRS. The other J-dependent N O-branch linewidths in

the CO spectral region were not measured because of their proximity to CO
transitions; instead, they were adjusted for agreement with the 0(22) value using

the same J-dependence as for the Ny Q-branch.24

Since absolute transition frequencies of CO are accurately known (~107% em™Y)
from high-resolution infrared measurements, 26 the analysis of small CO-Np splittings
can provide accurate Nz O-branch frequencies. A near coincidence between the 0(25)
transition of Ny and the Q(31) transition of CO is shown in the spectrum indicated by
the data points in Fig. 9. Varying the frequency of the former for best agreement
gave a value of 2126.020+0.003 cm~l for the theoretical spectrum shown by the solid
curve in the figure. This result, combined with new high-resolution measurements of
N2 Q-branch frequencies, 26 were used to refine the molecular constants of Np employed

in our CARS fitting code. The new constants will be reported elsewhere. We found it
necessary to include in the calculated spectrum off-resonant contributions from the

${9) transition of Hy at 2130.10 cm~} to reproduce intensities in the wings of the
lines correctly.

9. Experimental spectrum of the
08 ; - 0(25) transition of N and the
Q(31) transition of CO in the
flame, indicated by data
points. Varying the Np
transition frequency for best
fit (2126.020%0.003 cm™1)
resulted in the theoretical
spectrum shown by the solid
curve.
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The increased accuracy in these O-branch linewidths and frequencies resulted in
improved modeling of the CO bandhead compared to the low-resolution measurements
described previously. An experimental measurement of the CO bandhead region is
shown by the data points in Fig. 10; the prominent peak at 2143.35 cm~1l is the 0(23)
transition of Np. The underestimation of this peak seen in previous calculations

(Fig. 6a,d) partly resulted from the use of too large a linewidth and a 0.015-cm~1
frequency error to the low side. (An additional contribution to the discrepancy may
result from the effects of laser field statistics.41/44) The solid line in Fig. 10
is a theoretical spectrum obtained by varying the linewidth scaling factor for the CO
linewidths and the concentration relative to Ny for best fit. The resulting

concentration, while subject to large error due to the presence of only one Njp

transition, was nevertheless in reasonable agreement with the prediction46 of
equilibrium chemistry calculations: CO mole fraction of 0.064%0.02 compared to a
calculated value of 0.073%+0.012 based on the measured temperature and input gas
flows. We consider the small differences between experimental and theoretical
spectra to be within the noise of the measurement.

10. Experimental spectrum of the CO
bandhead region in the flame.
The labeled peak is an O-branch

FLAME CO BANDHEAD

08 transition of Ny, and the solid
2 0123} curve is a theoretical spectrum
g s with CO Raman+linewidths and
5 relative concentrations varied
S for best fit.
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CO Q-branch linewidths were measured for J=2 to 17 by fitting individual
transitions as discussed above. The results, normalized to 760 torr, are given by
the data points in Fig. 11. The solid curve is a straight-line fit to the data. The
error bars shown in the figure indicate uncertainties, principally due to random
errors such as statistical noise, baseline errors, and fit errors. Over this range
of rotational quantum number, we did not observe a significant dependence of the
linewidths on J. The results also show that the approximation of using Np linewidths
for CO in this flame results in linewidths up to 14% too small, compared to
collisional widths for Ny in a flame from Ref. 24.

0030 e 1I. Raman HWHM linewidths of Q(J)
1 transitions of CO in the flame,

0025 indicated by data points and
. SN referenced to 760 torr. The
~ 90w T solid curve is a straight-line
'g pow | ' fit to the data: Y(J) =
e 0.02074 + 3.72 x 10753 cm-l.
v | (From regression analysis, the

: 1 data are also consistent with a
0 9051 } horizontal line.) The broken
curve is a fit to the infrared
‘ linewidths reported by Varghese
and Hanson,16 corrected for our
flame temperature (1690 K) and
including an estimated Doppler
width of 0.001 em~1.
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The CO Raman linewidths were found to be comparable to the infrared P- and R-
branch collisional widths reported by Varghese and Hanson,l® which formed the basis
for Eq. 1 above. A straight-line £itl® to the infrared collisional widths was
corrected for our flame temperature of 1690 K using J-dependent temperature exponents
reported in the same reference. Since full linewidths were not reported, an
additional 0.001 cm~! was added to each wid‘h to account for Doppler contributions.
(This additional width was deduced from a Voigt analysis, which had been used to
correct the original observations.) The results are indicated by a broken line in
Fig. 11. The infrared linewidths appear to be somewhat larger, at least for low J,
than the corresponding Raman linewidths. This result is not unreasonable since th-
infrared transitions are subject to additional brcadening by pure rotatiocnal
dephasing. However, given the uncertainties in both sets of measurements, the
differences are not significant.

YI. NONRESONANT SUSCEPTIBILITY MEASUREMENTS

Nonresonant susceptibilities were measured indirectly by measuring the spectrum
of a gas containing the species of interest plus a smaller, known fraction of a
resonant species used as a reference. We used polarization background suppression
ani chose the resonant species concentration to obtain comparable resonant and

nonresonant intensities in the spectrum. The nonresonant susceptibility (Xnr) was
extracted by fitting the spectrum with the concentration fixed at the known value and
allowing Xny to vary. For accurate results it is important to have accurate
collisonal broadening coefficients for the resonant species by the nonresonant
species. In addition, the use of a single-mode pump laser reduces uncertainties due
to pump field fluctuation statistics and spectral convolution calculations. This
technique was previously demonstrated for N2 and Ar,29 resulting in estimated
uncertainties of 110%.

. 12. Experimental spectrum of the Q-
branch of Ny in the post-flame

- gases of a stochiometric
T=1670K Hy/02/Ny premixed flame,

indicated by the solid curve.
A pulsed dye laser with a HWHM

linewidth of 0.045 cm~l was
used as the Stokes laser. The

broken curve is a spectrum
M*WM v calculated using a value for

Xnr (H20) that was varied for
best fit (see text).
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The nonresonant susceptibility (Xnr) of HpO vapor was measured in such a way
from a CARS spectrum of N; in flame gases containing 67 mole % Hp0 and 33 mole % Np
{see Fig. 12). A conventional pulsed dye laser with etalon (HWHM linewidtih of 0.015
cm~l) was used to obtain a large frequency scan. A preliminary analysis of these
data gives an STP value for X, (H20) of 18.5%1.8 x 10718 cm3/erg, or 2.18£0.22 times
that of Np. High-resolution spectra of Ny/butane and Np/propane mixtures have also

been measured, and are being analyzed to determine nonresonant susceptibilities and
collisional broadening coefficients.

VIX., CONCLUSIONS AND SUMMARY

The two-channel, background normalization technique has been shown to be a
powerful tool for analytic CARS spectroscopy. With the capability of nearly shot-
noise-limited signal reproducibility, very precise single-pulse intensity
measurements are possible in high-density media. We were able to achieve 12%
reproducibility of normalized CARS signals from a gas sample at 10 atm and 300 K.
Depending on the nature of the sample, such data could provide time-resolved
concentration, temperature, Or even pressure measurements. With the addition of a
second probe laser and detectors to simultaneously monitor another Raman line,
temperature could be obtained.

For atmospheric-pressure combustion studies, the background-normalization
technique provides precise concentrations with high sensitivity. For the CO
measurements reported here, sensitivity apparently surpasses (by a factor of ~5) that
of CARS experiments not using background—suppression.10 This improvement results
from the combined factors of background-suppression, narrowband excitation, and
photon-limited detection. Useful information provided by the background intensity is
not lost but is separately detected. The resulting normalized signal is relatively
insensitive to beam alignment and, assuming similar detectors, is automatically
corrected for system spectral response. Signal-to-noise ratio is also improved,
though not to the extent observed for cold gases because of shot noise.

The normalization alsc permits precise CARS intensity measurements: we observed
better than 5% long-term repeatability in our flame data. This reproducibility is
due in part to inherent corrections for laser power and alignment drift provided by
the normalization. Since the reference signal is generated by the sample rather than
an external medium, corrections for minor beam steering, defocusing, and attenuation
induced by the combustion environment are also automatically included. However, as
shown by our results, the accuracy of the technique is currently determined more by
systematic errors rather than experimental precision. That is, concentration
accuracy 1s largely determined by that of the resonant and nonresonant susceptibility
models, since no adjustable parameters were used. Accuracy approaching 5% of the
measured concentration can probably be achieved through refinements of the spectral
models or through experimental calibration in well-characterized samples.

The background normalization method has two main limitations. Since the use of
narrowband lasers requires scanning of spectra, measurements are restricted to
steady~-state or highly reproducible combustion processes. Broadband implementations
are not practical with this technique because of signal loss accompanying the use of
polarization analysis. (An exception may be measurements in high-density gases.)
Second, because concentrations are based on krnowledge of the nonresonant
susceptibility, uncertainty is introduced when this parameter is not accurately
known. However, the same is true of concentration measurements based on CARS
spectral shapes. One solution is to measure independently the nonresonant
susceptibility, as in this work. Or, if major species are known, this susceptibility
can be calculated from mixture-weighted theoretical values. For single-pulse
measurements in fluctuating systems, neither apprcach may be practical. In this
cage, less accurate normalization by externally generated signals may be the only
recourse.

Our results obtained with single-mode lasers demonstrate that high-resolution
CARS is a viable technique for spectroscopic investigations of many species important
in combustion. Raman linewidth measurements of CO in a flame were found to be
consistent with infrared linewidths reported by others. N3 O-branch linewidths and
frequencies were also measured and found to produce improved agreement between
experimental and theoretical spectra of CO in flames. It appears that high-
resolution CARS can prcvide greater accuracy in concentration measurements, compared
to conventional CARS experiments, due to a reduced uncertainty in the Raman
linewidths.

As a spectroscopic tool, CARS offers some advantages-over IRS: sensitivity
appears to be higher, and nonresonant susceptibilities can be measured directly.
However, interferences among transitions and coherent backgrounds in CARS spectra
tend to complicate the analysis of linewidths and transition frequencies. In
addition, CARS requires two pulsed high-resolution lasers rather than one pulsed and
one cw laser. We are currently working to extend the continous scanning range of
this experiment and are planning further investigations of CO and other combustion-
related species.
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DISCUSSION

R.B.Price, UK
Does the use of the “in-situ” normalisation technique you have discussed become feasible for broadband CARS at high
pressures representative of gas turbine combustors or [ C engines?

Author’s Reply
Yes, in fact we have applied the in-situ referencing technique to an 1 C engine at Sandia. The largest obstacle to
overcome is insufficient signal from the sample nonresonant background. Depending on the conditions of the
application, i.e. pressure and temperature, enough signal might be obtained to permit broadband measurements,

D.A.Greenhalgh, UK
What strategies would you recommend for measuring

(i) CO concentration
and
(ii) hydrocarbon concentrations?
Are there any particular problems to be overcome?
Author’s Reply
CO concentration measurements have been demonstrated using a number of different CARS techniques. The selection

of technique depends on experimental conditions and the measurement requirements (e.g. spatial and temporal
resolution required. signal strengths expected).
Hydrocarbon species measurements pose special problems due to the spectroscopic complexity associated with large

polyatomic molecules. Assuming lack of existing CARS spectral models, an initial approach might be to use library
spectra measured in controlled samples. The use of a low-spectral resolution experiment might be considered in order

to simplify data fitting. Another consideration arises from the large nonresonant susceptibilities of hydrocarbon species.

When measuring concentrations by referencing to the sample ronresonant background, the larger background
contribution of the resonant species may not be negligible.
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NONLINEARITY AND SINGLE SHOT NOISE PROBLEMS IN CARS SPECTROSCOPY
by
D.R. SNELLING, G.J. SMALLWOOD and R.A. SAWCHUK
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Ottawa, Ontario K1A OZ4
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and

T. PARAMESWARAN
Roy Ball Associates

1.0 SUMMARY Cre Tapes ieien g,

In this paper we describe the design and operation of a CARS spectrometer and
its use to perform accurate temperature measurements in a simple laboratory flat-flame
burner. Instrumental sources of systematic error and noise in CARS temperature
measurements are discussed. An analysils of the system noise 1s presented and the use of
the measured nolse to perform weighted least mean squares fits of experimental and
theoretical CARS spectra 1s dlscussed. The use of a weighted fit 1s shown to markedly
improve the precision of single pulse CARS temperature measurements. Finally, the
incorporation of some recent advances in CARS theory which have resulted in more
computationally efficlent algorithms for calculating theoretical CARS spectra and their
effect on the accuracy of temperature measurements are dilscussed.

2.0 INTRODUCTION

A program was initiated at the Defence Research Establishment Ottawa (DREO) to
develop optical diagnostics that could be applied to diesel engine combustion research.
As part of this program a coherent anti~Stokes Raman spectroscopy (CARS) system was
constructed. This program has very recently been transferred to the National Research
Council's Gas Dynamics Laboratory with a shift in emphasis to continuous combustion
research related to gas turbilnes,

The theory and application of CARS are described in a number of recent review
articles'="%. CARS is a technique which 18 receiving much attention because of its
capability for providing remote, in-situ measurements of major species concentration and
temperature with good spatial and temporal resolution in practical combustion
environments. Single pulse CARS measurements are possible’ if a broadband dye laser is
used to generate the Stokes laser frequencies. Temperature measurements can be derived
from the spectral shape of CARS signals (e.g., nitrogen spectra) by fitting them to
calculated theoretical spectra whose temperatures are systematically varied in order to
obtain a best fit.

Although CARS temperature measurements have successfully been demonstrated in
simulated gas turbine environments®=9, and afterburning jet engines!?, further work is
required to improve the accuracy and preclsion of CARS thermometry. It is important to
improve the single shot precision in order to reduce the instrumental contribution to
measured histograms such as those reported in reference 9.

The sources of error and noise can be broadly classified as: instrumental,
theoretical, or a result from perturbations due to the medium being probed. Since most
of our CARS temperature measurements have been performed in a flat-flame burner the
effects of the medium in, for example, deflecting or defocusing the laser beams are
negligible. In this paper we discuss various instrumental and theoretical sources of
ervror and nolse we have encountered and technigues ror their amelioration.

We discuss instrumental effects such as detector nonlinearity!! and the effect
of single-mode or multimode operation of the pump laser on the CARS spectral nolsel?,
Measurements of detector noise and nolse due to the pulse-to-pulse variability of the
CARS signal are presented. The use of these measured nolse variances as welghting
parameters in a weighted least mean squares fit of experimental and theoretical CARS
spectra 1s described. The noise and precision of single pulse CARS measurements is
examined using both nonresonant CARS spectra and resonant N, spectra recorded in a
flat-flame burner which was previously calibrated using the Na line reversal technigue.

Recent advances in CARS theory have modified the original approach which was
based on isolated spectral lines and a convolution 1ntegr§1‘3 which neglected
"cross-coherence” terms in the pump laser convolutionl!®» 15, At higher pressures it is
necessary to account for collisional effects which result in the initial broadening and
overlap of individual lines and eventually to line mixing and collisional narrowing.
Under these conditions.a knowledge of the state-to-state relaxation rates and the
inversion of the "G-matrix" 1is required }$.

We have included the coherence effect due to a finite Gausslan pump laser
spectral bandwidth!? and the collisional narrowing approach of Koszykowski et alld in
our code, and compare the temperatures derived with and without these modiflcations.
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3.0 CARS Spectrometer and Data Acquisition System

A scale diagram of the CARS layout is shown in Fig. 1. The pump laser 1s a
frequency-doubled Nd:YAG (Quanta Ray DCR 1A) operating at 10 Hz with the electronic line
narrowing (ELN-2) option. After the main doubler, the pump beam (wp) 1s split off from
the residual 1.06 um radiation, which is sent to a second frequency doubler. The output
of this second doubler 18 used to pump the dye laser oscillator (wg). The amplifier
portion of the dye laser 1s pumped by a portion (30%) of the maln wp beam split off by a
beam splitter.

The oscillator dye cell is an AR-coated quartz cuvette (10 mm wide by 17.5 mm
high) which 18 rotated 10° to avoid optical feedback. The pump beam is focused 1into the
dye cell by a 750 mm focal length lens with the dye cell ~ 170 mm from the focus. The
pump beam size in the dye cell 1s ~ 1.5 mm and pump beam axis 1s 7° from the dye
oscillator lasing axis. A quartz plate at the Brewster angle or a calcite polarizer in
the dye oscillator cavity ensures that the dye output 1s suitably polarized.

Originally the centre wavelength of the dye laser was tuned by varying the dye
concentration which 1s typlcally 2.6 X 10~* M rhodamine 640. A more convenient method
was to 1nsert a bandpass fllter in the dye cavity [centred at 610 nm with a width (FWHM)
of 9.5 nm]. The filter is typlcally set at 20° to obtaln a centre wavelength of 606 rm
for N, CARS. The filter reduces the dye laser bandwldth from 150 to 70 cm~1 (FWHM).

The pumping geometry of the dye amplifier is essentlally identical to that of
the oscillator. The dye amplifier cuvette is 17 mm wide and 21 mn high and a rhodamine
640 concentration of 1.06 X 10-“ M is used. The dye solutions are circulated with
linear flow rates of 10 cm/sec (oscillator) and 4.5 cm/sec (amplifier).

Galilean telescopes are incorporated into the pump and Stokes beams to control
beam dlameter and focal spot location. The telescopes provide beam magnification of
1.9. The two beams were combined collinearly with a dichroilc mirror and focused with a
203 mm focal length lens. Typlcally 30-40 mJ of pump radiation and 10 mJ of Stokes
radlation were used. The 3-D phase matchdng techniquel!? employed, called USED CARS}O,
involves passing the w; Stokes beam coaxlally through the annular pump beam. The
and w, beams and the resulting CARS (uw,)} beam are recollimated andwRow pass filters ar®
used go reflect the now unwanted pump and Stokes radiation. A beam splitter directs
pa~t of the CARS signal to a photomultiplier tube connected to an EGKG model 162 boxcar
integrator. The boxcar slgnal gives a time-averaged measure (time constant 5 sec) of
the undispersed CARS signal. The remaining CARS radiation 1s focused on the entrance
8lit of a spectrometer utilizing a single concave holographic diffractlon grating
(American Holographica). This grating disperses the CARS radiation across the face of a
Tracor Northern 1024-element intensified diode array rapid scan detector (IDARSS
TN-6132). The 1.6 m spectrometer has a reciprocal linear dispersion of 2,24 A/mm
corresponding to 0.25 cm~}/diode.

Nonresonant CARS spectra were recorded by placing a carbon dioxide filled cell
at the focal volume. In order to provide sufficlent CARS signal to overcome the shot
noise of the detector, it was sometimes necessary to pressurlze the cell to 3 atmll,

It is necessary to correct the CARS signals by subtracting a background which
results from detector dark current, detector fixed pattern noise, and a small signal due
to scattered 532 nm radlation. This background signal is obtalned by acquiring spectra
while blocking the Stokes laaer.

Single longitudinal mode operation of the Quanta Ray DCR 1A 1s achieved using
the electronic line narrowing (ELN-2) device. The ELN-2 controls the oscillator to
maintain a low gain for a time sufficilent to achleve narrow linewidth. The laser is
then rapidly Q-switched to provide maximum gain producing a pulse of high spectral
purity. With careful adjustment of the Q-switch bias and the intracavity etalon, ~50%
of the pulses are single-mode and exhibit the smooth temporal profile indicative of the
absence of mode beating. In normal operation without the ELN-2, the stated bandwldth of
the pump laser 1s <0.4 cm-1},

Single longitudinal mode (single-mode) data were obtained by using the
"smooth" output signal from the ELN-2 as the spectrometer trigger input on the Tracor
Northern TN1710 optical multichannel analyzer (OMA). Multiple longitudinal mode
(multimode) data were obtained by triggering the OMA from the external timing circuits.

The spectral width of the pump laser was measured with two Fabry-Perot etalons
with 0.27 cm~! and 1.7 om~1! free spectral range, respectively. An unintensified
photodiode array was used to display the interference fringes from a single laser pulse.
The measured average spectral widths (FWHM) when operating the laser single-mode,
multimode (etalon in YAG cavity), and multimode (no etalon in YAG cavity) were 0.016 t
.001 cm=1, .10 % .01 cm=1!, and .69 t .03 cm-! respectively. The single-mode width
probably represents the resolution of the 0.27 cm-! etalon.

In order to remove the small residual signals remaining on the detector due to
image lag, 1t was neceasary to perform two "cleansing scans" of the detector between
each laser pulse??, When the detector was read 60 ms after exposure (see Fig. 2), the
resldual signal (as reglstered by the first "cleansing scan") was determined to be 0.25%
of the original signal. No residual signal was detected by the second "cleansing scan".
The "cleansing scans" were initlated by the external read signal from the external
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timing circuits triggering the OMA to read but not store the diode intensities. The
laser pulse and signal integration began lmmediately after completion of the "cleansing
scans™. The entlire cycle was completed within 100 ms for 10 Hz operation,

The acquisition and storage of l.24-element spectra at a 10 Hz rate was
accomplished through a complex hardware and software interfacing procedure, shown
conceptually in Fig. 3. As each spectrum was collected by the OMA, a previous one was
transferred to the DEC VAX 11/730 via the parallel long-line drivers, where it was
checked for saturation or transmission errors. The data was transmitted and temporarily
stored in binary form in order to Increase speed and reduce storage. Upon completion of
a collectlion run, the data was treated by post-processing software on the VAX., This
included multiplication by 8 (to retaln accuracy during later manipulation of the data),
subtraction of the background spectrum, division by the nonresonant spectrum (to correct
for diode to diode sensitivity varlations and the spectral varlations due to the dye
laser, spectrometer, etc.), calculation of the average speccrum for the collectlon, and
permanent storage of these treated spectra in binary form (2k bytes per spectrum). A
typical multimode unreferenced hot flame spectrum and the associated nonresonant
reference are shown in Fig. 4. The effect of division by the nonresonant reference on
an averaged hot flame spec.rum is 1llustrated in Fig. 5, showing the resultant
calibrated spectrum. Averaged (100 to 400 pulses) background and nonresonant reference
spectra were recorded at the beginning and end of each data acquisition period.

The burner in Fig. 6 was designed to have a premixed, well controlled,
constant temperature, stabilized flat-flame2l!>22, The flame front established itself in
a equilibrium position a short distance from the burner surface, where the heat loss to
the water-cooled burner reduced the flame speed to the mixture stream velocity. The
reglon probed was the flame from the 1lnner combustion zone. The outer combustion zone
protects the flame from large temperature gradients. The sheath of inert gas further
protects the flame from atmospherlc effects. Temperature calibration of the burner was
performed using the sodium line-reversal technique??., The burner was operated with a
hydrogen/air flame at an equivalence ratio of 0.574 and CO, as the sheath gas. The
linear flow veloclty was approximately 30 cm/s. The burner was also run with a
stolchiometric methane/air flame. It was calibrated at 1600 K and 2000 K.

4.0 Theory and CAR3S Data Reductilon

The theory of CARS has been dealt with extensivelyl-“»23-25_ 71n prief, CARS
is a nonlinear optical phenomenon 1involving three wave mixing. When two laser beams of
frequencies o, and wg interact in a medium, three wave mixing produces a resultant
coherent beam with frequency w,g and this 1is the CARS beam. The mixing occurs for all
samples but the CARS signal is greatly enhanced when wp = g approaches a Raman frequency
of the medium.

The interaction of the laser radiation with the medium occurs through the
third order nonlinear electric susceptibility denoted by x(’ . This gives rise to an
induced polarization field which acts as the source term in Maxwell's wave equation. On
solving the wave equation one gets, for monochromatic 1nput waves, the intensity of the
CARS signal as

I(wgg)~ 12 Il x{ )2 M

where Ip, Ig, and I(”as) represent the pump, Stokes, and CARS intensities respectively.
x(a) has resonant xR and nonresonant xNR contributions:

KN - NR LR (2)

The nonresonant susceptibility XNR is real and proportional to the number
denslity. Raman active modes involved in the CARS spectra of combustion processes are
strongly polarized vibration rotation transitions. It is considered sufficiently
accurate to restrict calculatlons to the Q-branch, The widths of these Raman lines are
functions of pressure, temperature and rotational gquantum number2®, When pressure
increases the lines broaden and may overlap; at higher pressures, when there 1s
sufficient interference between adjacent transitions, collisional narrowing occurs 27,28
and the system relaxes according to the density matrix equation. Hall has applied the
density matrix formalism to the CARS process and arrived at the following expreasion for
the resonant susceptibility??d,

R -1
x'm L2 ¥ e a, 8paa(G)
n ¢ t 3 s %Psg'¥lts (3)

where N is the number density, ay and a, are the polarizability matrix elements, &p is
the population factor, and t,s denote tﬁe combined vibration and rotation quantum
numbers. The elements of the G-matrix in equation 3 are given by

Gpg = 1(up-wg=wy) 84y + Ty/a Bpa + vyg (1-8pg) ()

where “?' ua, and denote the pump, Stokes and Raman frequencles respectively, . is
the isolated line width and y,, are the off diagonal matrix elements of the relaxation
rate matrix G. In equation 4, v g 8re assumed to be real and line shifts are neglected.
Koszykowski et al!® hnave shown tgat by using an efficient algorithm equation 3 may be
reduced to
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where A; = As'+ A" 18 the complex eigenvalue of the G-matrix, & is the detuning, and ay
is in 3éneraf a cbmplex weight factor. At low pressures one may neglect the overlap

between lines and set ygoto 0; then Ay’ aaproaches the Raman frequency uy; AJ"
approaches rJ, the Raman line width; aﬁd X reduces to

4 MNc * 8pyqjdo/an
8o = JJ' lJ
h w} 26 - 1r,

(6)

This 1s the isolated line approximation. The Raman cross-section can be expressed as
follows for the Q-branch:

do w, h 7
= —_— 2 2
7ol T T % bf v2] [v + 1] (n

where M 1s the reduced mass, wy; 1s the angular frequency of the molecular oscillator, bj
are the Placzek-Teller coefficfents, a 18 the derivative of the mean molecular
polarizability with respect to inter-nuclear distance, y is the similar derivative of
anisotropy and v is the vibrational quantum number of the initial level.

Knowing xR and xNR, equation 1 can be directly used to get the CARS spectrum
for monochromatic laser beams. The effect of laser bandwidths on theoretical CARS
spectra 18 treated extensively by Yuratich!3, 1In a "standard" method widely used in
CARS theory, the final CARS intensities are obtained by a simple convolution of

[x(3) ]2 with the pump and Stokes spectral profiles?20,30,31, This approach lgnores the
cross terms that arise from the coherence between the polarization components 1n which
the roles of the driving and scattered pump photons are exchanged. In this
approximation, when the pump width 18 very small and the Stokes width 1s much greater,
the CARS intensity may be expressed as

Hugg) ~ I, [ I 0apt = ) I (ugg-8)1x(P (8117 as (8)
where up<°) is the centre frequency of the pump.

A computer program based on equation 8 and the isolated line approximation32
was kindly provided by the United Technologies Research Centre, USA (UTRC). Theoretical
spectra were generated with a modified version of this program. Since the experimental
spectra were ratloed with a nonresonant CARS spectrum, the convolution over dye profile
was eliminated. Storing the pump exponents once calculated and reusing them helped
reduce the convolution cpu time. All the computations were done with the DEC VAX 11/730
computer.

The CARS spectrum thus generated was then convolved with a Voigt instrumental
(slit) function. Since an exact Volgt 1s rather too complicated, an approximate
expression due to Whiting33 was used. Thia approximation (eqn. 5 of Ref. 33) 18
expressed in terms of a Voigt width wy and a Lorentz width w;, related to the Gaussian
width wg as follows:

YL w2
Wt + [-E_ + wg?] 1/2 (9)

An asymmetric Voigt 1th different values of wy and wp on the higher and lower em—1
sides was found to te sultable,

Initilally the Volgt parameters were obtained from room temperature (RT) CARS
spectra of N,. Theoretical RT spectra of N, were convolved witu a Voigt of trial
parameters and compared with experimental spectra. Best fit values of wy and wy were
obtained with a nonlinear least mean squares fitting program based on the well known
Gauss-Newton algorithm as adapted by Kim3“,

The Voigt function determined from several RT N, spertra was used for
convolution with theoretical spectra at temperatures rangfng from 300 K to 2700 K. A
fitting program similar to the one used for the slit functlion calculation was then
employed to fit hot theoretical spectra with experimental spectra and best fit values of
temperatures were determined. In this procedure, temperature and frequency shift
between theory and experiment were used as fit parameters. It is too time consuming to
generate the theoretical spectra for each iteration and therefore a library of spectra
calculated at 50 K intervals was used. These spectra were interpolated for intermediate
temperatures.

The flame temperatures thus determined were somewhat sensitive to the Voigt
alit parameters. Hence attempts were made to obtain the four Volgt parameters, as well
as temperature and frequency with a six parameter fitting scheme. The results of these
fits are presented in a later section.

g~
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Input Variables

The variables that determine the theoretical CARS spectrum of a molecule are:
the spectroscopic constants, the Raman iﬁﬂe width TI',, the concentration, temperature T,
pressure P, nonral?n?nt susceptibility , the Ramlin cross-section do/dQ, the pump
laser frequency %) and bandwidth A;g, and the statistical weight factors. The term
do/dn was calcUI;Eed for every level fFom the molecular polarizability parameters. The
constants a and y were calculated from Penney 33, Corrections to due to anharmonicity
and centrifugal distortions were computed with the results of Bouanich and Brodbeck?®,
The spectroscopic constants were from Sandia3’. For the isolated lines the width was
calculat according to Hall38, There has been considerable uncertainty in the scaling
of the of diatomic molecules. Rosasco et al39 and Lundeen review the various
measurements. For N, we have used the value of 8.31 x 10~18 cnd/erg, :ﬁﬁch 1s the
average of that quoted by Rosasco and that reported by Farrow*l, The values iﬁﬁ 0,
and Ar that are needed for the H,/air flame were also from ref. 39. For H,0 the
used was 18.29 x 10-1% em3/erg*!. Purther detalls of CARS input variables are described
in ref. 42. All the theoretical spectra were generated at one atmosphere pressure.

Collisional Narrowing

It 1is now accepted that!® while collislonal narrowing of Raman lines cannot
be neglected for CARS spectra at high pressures, it can become significant even at
atmospheric pressures. To test this effect & library of theoretical spectra with
collisional narrowing was alsoc generated. These calculations were based on eqns. 5
and ‘8. The off dlagonal line matrix elements Y.y of the relaxation rate matrix were
obtained with an exponential gap lawl® model.

Cross-Coherence Effects

Teets !5 and Kataokal* have observed that neglecting the cross-coherence terms
that arise in the laser convolution of CARS intensities can lead to temperature errors,
especially when the pump bandwidth is comparable to the Raman line width and the
nonresonant contribution competes with the resonant signal. Including this effect the
CARS intensity may be written (not including dye convolution) as

Igs(wgs) = xr < + 2xyp{Rexglugg-u'D

1 1
Mre Y apleggmotr | 2D+ T<XR( wgg= ") XR( Wgg=u")) (10)
where
) = faw'I(e’) A" I (W) F(a',o") (11)

Normally the fourth term in equation 10 is difficult to evaluate because of the double
integral. However analytical closed form expressions for this problem have been derived
by Teets!S for Lorentzian pump prorilf a?d by Greenhalgh and Halll? for Gaussian pumps.
For the latter case the fourth term I'©S/ may be given in terms of an error function

w(Zy).
Iggc)(“as) " EX%E——’} aJ"J(ZJ)‘z (12)

where cc refers to cross-coherence, Aﬁb is the pump width and ZJ is a complex argument
glven below:

(A4~ (o =ap9) )12y

= a8 ) (13)
asy

Presently we have included this term in the CARS program with the collisional narrowing

corrections. The complex error functions were generated with an efficient algorithm by

Hul et al“3, With this technique the cross coherence terms required very little
additional computer time.

Zy

Results obtained from the three theoretical models viz: 1solated line
approximation collislonal narrowing, and the latter with accurate laser convolution

including cross-coherence effects will be compared with experimental CARS spectra 1in a
later section.

5.0 Detector Nonlinearities

The problem of detector nonlinearityll, 20,44 was encountered in making
temperature measurements in a flat-flame burner. The burner was fueled with a 10.5% CH,
in air mixture, at a linear (cold) flow velocity of 28.5 cm/sec, and the Na
line-reversal temperature 10 mm above the burner centre was 2060 K. CARS temperatures
in this burner ranged from 2050 to 2500 K. Since some of these temperatures were
significantly higher than even the adiabatic flame temperature (2195 K) it was clear
that a source of error existed in the CARS measurements.
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The main source of error was ldentiflied as nonlinearity in the intensified
optical multichannel detector. Provided the output of the individual detector diodes
was confined to the lower third of the A-D converter (i.e., 1500 counts out of a maximum
4096 counts per diode), the temperatures obtalned were in the 2050-2200 K range. As the
signals approached the maximum allowed by the A-D converter, increasingly higher
temperatures were obtained.

The detector nonlinearity was evaluated, using resonant room temperature N,
CARS spectra, by placing calibrated neutral density filters in the CARS beam. The
boxcar signal was also attenuated by the neutral density filters and thus provided an
additional signal against which the IDARSS output could be evaluated.

The large shot-to-shot varlabllity of CARS signals (a standard deviation of
308 1s typlcal) required that data averaging be used to establish the llnearity. Thus
for each measurement 100 single pulse nitrogen spectra were accumulated to reduce this
variability. To quantify the linearity, the intensity had to be varied from zero to the
maximum output of the detector. To have an average signal which approached this maximum
output (4096 counts/diode) some of the spectra included 1in the average had intensity
levels that exceeded the maximum capabllity of the A-D converter. To correct for this
effect, 100 room temperature nitrogen CARS spectra were recorded at low intensity (<1000
counts). The distribution of peak counts was scaled by a fixed multiplier and
distribution averages were calculated with and without a 4096 count limit. The
difference between these two averages then represents the correctlon due to A-D cutoff
and thls was used to correct the observed data.

An example of the data, including this correction, is shown in Fig. 7 where
the observed counts/diode (for the peak of the room temperature N, spectra) 1s plotted
against fllter transmission and boxcar signal. The curves representing the best fit to
the corrected data are described below.

If a significant nonlinearity exists, a fit of the data to an equation of the
form C = aX + bX2 (where C 1s the number of counts and X 1is the relative intensity, 1i.e.
filter transmission or boxcar signal) should produce a significant nonlinear b term. A
linear regression line for C/X agailnst X was calculated for each set of data and values
of the a and b coefficlents and thelr standard deviation were obtained. (A similar
linear regression analysis of the boxcar signal against the filter transmission was
linear, i.e., no statistically significant value of b was obtained as expected.) The
only exception to this was when the CARS intensity drifted during the course of the
experiment as evidenc~d by a change in the signal level with no filter in place before
and after the experiment.

Since the boxcar signal was in arbitrary units and since the CARS intensity
changed from day to day, it was necessary to normalize all the data so that they could
be presented on a common plot. It was decided to use the a and b parameters obtained
from the linear regression analysls to calculate a value (X,) of the dependent variable
X corresponding to 1500 counts (in the linear range of the geCector). The equation then
takes the form

C = a'(X/Xq) + ' (X/Xg)2 (14)

where a8 = a'/Xy and b = b'/x:. This normalization permits the coefficients {(a',b') to
be expressed in normalized coordinates and allows all the data to be presented on &
common plot against a normalized signal level (X/Xy). Such a composite plot is shown in
Pig. 8 for the TN-1223-4G1 dutector. The plots are for a CARS image height (see below)
of 0.275 mm.

A final estimate of the nonlinearity was then obtained either by fitting the
data in the composite plot or by averaging the a',b' coefficlents obtained from
individual plots. The results of these two procedures were essentially identical and
the values listed in Table I were obtained by the first method.

TABLE I

SUMNARY OF BEST-FIT VALUES POR THE CORFPICIENTS IN
THE DETECTOR RESPONSE EQUATION C = a'l + b'I?

Image
Expt. heiﬁht
no. am b’ odb’' a' oa' Detector
1 0.203 -235.4 10.9 1735.0 23.4 TN-1223-4GI
2 0.275 -151.7 8.8 1650.2 19.5 TN-1223-401
3 0.521 +2.3 21.8 1495.2 29.5 TN~-1223-401
L} 0.275 +2.8 21.9 1496.2 27.7 TN-6132

8 See Pig. 9

- — -



The image heilghts listed 1in Table I were obtalned by rotating the detector
through 90° about the optical axis of the spectrometer. The heights represent the
equilvalent width of the image and the exact profiles are shown in Fig. 9.

In our spectrometer the CARS image height can be varied by adjusting the
grating to detector spacing. The aberrations lnherent in a concave diffraction grating
result, at optimum resolution, in an image of the circular CARS input spot which 1is
greatly elongated in the direction of the long axis of the diodes. The plxel size of
the diode array 1s 25 um by 2.5 mm. The image helght at optimum resolution (0.275 mm)
can be increased to 0.521 mm or decreased to 0.203 mm by moving the detector ~ 13 mm
toward or away from the grating. The effect of movil from the point of optimum
resolution 1s such as to increase the apparent widthn%FWHM) of room temperature N, CARS
spectra from twelve to sixteen dlodes.

The data in Table I show that the TN-1223-4GI detector exhibits marked
saturation behavior for the itwo smaller image heights in that the nonlinear term, b', 1is
negative and statistically significant. For the largest image height the TN-1223-4GI
exhibits no such saturation since the nonlinear term 1s positive and is not
statistically significant.

The saturation effect is clearly dependent on radiation density in that, as
the height of the CARS image (hence the detector area illuminated) 1s increased, the
nonlinear term decreases. Thus the nonlinearity can be avolded by paying appropriate
attention to image size. This 18 consistent with the observation * that nonlinear
behavior of a CARS spectrometer, incorporating an EG&G PARC model 1420 intensified diode
array detector, could be eliminated by interposing a cylindrical lens between the
grating and the detector in order to selectively defocus the radiation along the height
of the diodes.

The data in Table I show that for an image helght of 0.275 mm the TN-6132
behaved linearly, in marked contrast to the TN-1223-4GI. The difference in behavior can
be attributed to the reduced senslitivity and reduced microchannel plate galn of the
TN-6132 (see diacussion below).

Because of astigmatism many grating spectrometers, at optimum resolution,
produce an image which 1s elongated in the direction orthogonal to the dispersion plane.
By sultably selecting the 1image plane this effect can be used to increase the CARS image
silze although some loss of resolution will result. The astigmatism decreases with
increasing f-number and the inherent low angular divergence of the CARS signal can lead
to very tight imaging. Thus it may also be beneficlal to fill the field of view of the
spectrometer.

For the two experiments showing nc significant saturation (Table I, expts. 3
and 4) the effect of nonlinearity was estimated as follows. The maximum negative slope
(at 90% confidence limit) was obtained and used to calculate a theoretical worst case
saturation. A comparison of this curve with a best linear fit of the saturation curve
then yields the error involved in, incorrectly, assuming linearity. For the last two
entries in Table I the maximum error involved in assuming linearity is <2% over the
range of 0 to 3500 counts (1.e., from O t> 85% of full scale). To put this in
perspective a 2% error in the ratio of the 2-1 and 1-0 peaks of N, (see Fig. 7)
corresponds to an error in the assigned temperature of 13 K at 2100 K.

A similar analysis for the first two entries in Table I, taking b' values as a
measure of the nonlinearity, ylelds errors of 215% (Table I, expt. 2 for a range of 0 to
3500 counts) and $25% (Table I, expt. 1, for a range of 0 to 3000 counts). Reducing
the range to 0 to 1500 counts produces errors of t7% and :4.5%, respectively.

The nonlinear effects observed with the TN-1223-4GI detector were constant
over a 60-fold change in the microchannel plate intensifier setting (light level was
varied to maintain a constant output signal). This suggests that the saturation 1s in
the microchannel plate intensifier or in the diode array rather than the photocathode.
fhe mo:;ilikely explanation appears to be saturation in the microchannel plate

ntens er.

The nonlinear effects observed with CARS eignals from the TN-1223-4GI detector
were not duplicated when direct continuous illumination or scattered doubled Nd:YAQ
radiation at 532 mm, which f1lls the detector, was substituted for the CARS radiation.

Thus, 1in summary, it is important to evaluate the detector nonlinearity at the
appropriate signal level, pulse duration, and CARS spectrometer f-number., The
nonlinearity can be made negligible by increasing the image height on the detector and
thus 1lluminating more of the 2.5 mm height of the detector pixel size.

6.0 Detector Noise and Absolute Sensitivity

To compare detector performance at constant sensitivity we measured the
absolute senaitivity of three Tracor Northern intensified diocde array detectors
(IDARSS), an older TN-1223-U4GI and two newer TN-6132's. A calibrated irradiance
standard was used to illuminate the diodes directly, The radilation was isolated to a 60
nm band centred at 507 nm and the IDARSS exposure was calculated by integrating the
product of the lamp spectral irradiance and the filter transmission over the bandpass of
the filter. Neutral density filters were used to further limit the exposure to 1.02 X
10-3 W/cm2, which, for a 0.02 sec exposure, corresponds to 1.3 X 10-% J/diode or 3.2 X
10* photons/diode at 507 mnm.
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The absolute sensitivities obtained were: for the two TN-6132 detectors, 2.9
and 3.5 photons/count at a video amplifier setting of x4 and 9.5 and 11.5 photons/count
at a video amplifier setting of xl1; and for the TN-1223-4GI detector, 1.3 photons/count.
(We con:iscently observed the video amplifiers of the TN-6132 detectors to have a gain
of ~ 3.4.)

Detector noise was measured in two ways. First, under conditions of constant
illumination, a set of (typically 100) spectra were acquired and the mean and standard
deviation calculated diode by diode. An average of these dlode by diode standard
deviations then gave a single nolse figure for the detector. Second, the acquired
spectra were sequentially added to and subtracted from memory and the statistics
calculated, as above, on the residuals.

The noise (standard deviation) was ¥2 higher usjing the second method as would
be expected from two statistically uncorrelated processes. The second method was
preferred for measuring detector nolse as a function of 1light level since it placed
fewer demands on the constancy of the light source.

The noise (a single standard deviation expressed as a percentage of the signal
counts) 1s shown 1in Fig. 10 as a function of light level for two different detectors.
The Tracor Northern 1710 provides a front panel control of intensifler galn over a range
of approximately 100 and this was used to vary the overall sensitivity of the detector.

The detector shot nolse shows the E 1/2 dependence expected of a process which
obeys Poisson statistics. At very high intensitiles, the noise falls off less rapidly
than this as dark current nolse and fixed pattern dlode read nolse become important.

For an ideal detector exposed to a signal of E quanta the standard deviation associated
with the signal is E2, The "ideal detector" curve 1s shown in Fig. 10 where the /2
factor results from using the second method to obtain the nolse statistics. The
measured noise of the two detectors is between 1.5 and 2.0 times this quantum limit.

The data 1in Fig. 10 were recorded over a range of Intensifier settings. The
measured signal variance as a functlon of signal counts at a fixed intensifler setting
is shown in Fig. 11. The measured varlance was linear in signal counts as expected and
the intercept corresponded to the measured detector dark noise. The noise was measured
in this way for a range of intensifler settings in order t0 obtaln the coefflclents o
and k in the expression:

2
9% = g9 + kC (15)
og was largely independent of intensifler setting but k increased with
increasing sensitivity. These parameters were used to calculate the weighting
coefficients used In the least mean squares fitting routines described below.

7.0 Noise in CARS Spectra

Temperatures are derived from the shape of CARS spectra, thus one source of
nolse is the pulse to pulse variabllity in the spectral energy profile of the dye
laser.

Nonresonant CARS spectra can provide a measure of system noise. These spectra
are convenlent to record and, since the nonresonant susceptibility is essentially
independent of wavelength, they have a spectral shape which 1s largely determined by the
broadband dye laser. In addition, the noise in the Stokes laser and the nonresonant
CARS signal can be readily compared. The analysis procedure described below can be
applied to both resonant and nonresonant spectra.

A set of CARS spectra can be represented by Sij where
Sgg = Iygky

1 = 1...N diodes

J = 1...M pulses (16)
with i representing the diode number of the diode array detector and J the spectrum
index. I44 18 the CARS intensity assoclated with the diode rumber 1 and spectrum
number § &fid Ky 13 the sensitivity of diode 1. The averaged CARS signal (S;) 1s given
by

Sy= (} Iini)/M (17

In the first stage of the analysls the individual spectra are divided by an average
spectrum to produce a ratioed CARS signal Xij where

Xgg = (844/84) = (139} T1ygH (18)

The ratioed CARS signal 1s now independent of diode sensitivity and represents the
shot-to-shot variation of the CARS spectral profile from an averaged spectrum.
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Since 1t is only the spectral profile of the N, CARS signal that is used %o
deduce temperatures, the absolute magnitude of the CARS signal 1s not important. Thus,
for comparison purposes, we can normalize the CARS spectra such that they have the same
integrated X value over the spectral reglon of interest. If Np and Ny are the lower and
upper diode limits for the spectral reglon of interest, the normalized CARS signal, YiJ'
is given by

Ny
YiJ = XiJ/ 12NL X1J (19)

These normallzed CARS signals, Y,,, are used to calculate the nolse due to
pulse-to~-pulse variation in the sgectral profile of the CARS signal.

The standard deviation of each spectrum about the mean ylelds a percentage
noise, NJ, which, when averaged over the M spectra, gives an average noise N and a
standard“deviation o, which represents the shot-to-shot varlability of the noise.
Finally, the experiments are repeated to assess the day-to-day variability. The average
noise, standard deviation, and the 95% confidenle limits (using t-test) were calculated
for the set of experiments. Thus, there are two measures of variability, one
representing the varlation within a set of spectra and the other representing the
set-to-set variabllity. In general we have found these two estimates to be very
similar, indicating that there 1s little systematic day-to-day variation in the noise.

The averaged signsal, 31, for a set of sixty-four multimode nonresonant CARS
spectra 1s shown in Fig. 12 along with a single normalized CARS spectrum, Y,,. Much of
the structure observed in Sy 18 not real but 1s due to periodic variations i& diode
sensitivity, K. The noiSe (single standard deviation) for the single shot spectrum
of Fig. 12 is 8.37% and the average percentage nolse for the set of sixty-four spectra
18 9.56 * 0.43 (single standard deviation of the mean),

From a detalled analysis of nonresonant CARS spectra we have shown
previously!2 that when a single-mode pump laser 18 used the CARS nolse 1is reduced to a
level exhibited by the Stokes laser itself (~5% noise at 2.0 cm~! resolution for our
broadband dye laser). The increased CARS (but not Stokes) nolse observed using
multimode lasers was attributed to a spectral dependence of the Stokes temporal profile
and its consequent effect on the temporal overlap of the CARS beams.

We have repeated the earlier nonresonant analysis and have also included the
analysis of resonant flame spectra recorded in the flat-flame burner. The spectra were
recorded at 0.25 cm—! resolution and a 15 cm~! gpectral analysis width was used. The
nonresonant spectra were recorded at a low detector sensitivity where the effect of
detector shot nolse 1s negligible. The resonant noise can be corrected for the residual
detector shot nolse by assuming that the devector shot nolse op and the nolse 1in signal
gc are uncorrelated glving a net noise oy:

of = of + o (20)

This corrected nolse sg, attributable to pulse-to-pulse variations in the spectral
profile of the CARS signal, 1s shown in parentheses in Table 2.

The results confirm the earlier conclusionl!? that the nonresonant spectra
recorded with a single-mode pump laser exhibit leas noise than those recorded with a
multimode pump laser. The actual nolse values are somewhat higher than we observed
previously and we speculate on the cause of this below. For the resonant spectra the
reverse is true and the single-mode spectra exhibit greater noise.

This nolse, expressed as a percentage, was largely conatant and thus
represents a fixed fractlon of the total signal. Thus the total noise (op) assoclated
with a particular diode count C can be expressed as:

of = o + ¥C + mC? (21)

where ag 1s the "dark noise"™ or noise in the absence of a signal, kC is the shot noise

component and mC2 represents the component associated with the shot-to-shot variation in
the CARS signals. The mC? term is an approximation in that it is difficult to measure
and the percentage noise in signal probably increases at very low signal levels.

In a weighted least squares fit the parameters are determined by minimizing
the weighted sum of squares where the reciprocal of the variance is used as the
welghting coefficlent. The above expression for op has been used to perform a weighted
least squares fit of experimental CARS data, as is described below.
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TABLE 2
NOISE STATISTICS: STANDARD DEVIATION o EXPRESSED AS §
SPECTRUM TYPE PUMP LASER CONFIGURATION
SINGLE~MODE MULTIMODE
CO0, Nonresonant
spectra 6.6 8.4
N, Flame spectra
T = 1580 K 22.4(22.0) 16.1(15.6)
8.0 Single shot CARS temperature measurements

Single shot CARS temperature measurements were performed in the hydrogen/air
fueled flat-flame burner with single-mode and multimode pump laser operation. Typlcally
sets of 100 spectra were recorded and the spectra analysed individually. The data
collection system automatically averages the individual spectra and these average
spectra were also analysed. The mean temperature and the standard deviatlion were
calculated for each set of individual spectra and the results averaged.

One aim of these experlments was to examlne whether the greater nolse of
single-mode resonant spectra, shown in Table 2, would be reflected In a bigger
temperature spread in the single shot data. Typical results are shown in Fig. 13. The
widths of histograms in Pig. 13 represent the instrumental resolution since no
temperature variations are expected in the premixed flame. It can be seen that, as
expected, the single-mode hlstograms are significantly wider than the multimode ones.
This confirms the conclusion that resonant CARS spectra, unlike nonresonant spectra,
exhibit greater noise with a single-mode pump laser than with a multimode pump laser.

We also performed a welghted least mean squares fit of theoretical (T) and
experimental (E) CARS spectra where the quantity minimised was:

Iowy (Ty - Ey)? (22)

where 1 is the diode 1lndex and the weighting parameter wy 1is 1/ 02, oy was calculated

from equation 21 using experimentally determined values of oy and k and an estimated

value of m corresponding to 4% shot-to-shot CARS noise, approximately the noise observed
in the Stokes laser!2,

The effect of welghting the data 1s to greatly reduce the width of the
histograms. The two fold reductlion in the width of single-mode temperature histograms
is particularly dramatic. Thus taking proper account of signal variance can greatly
increase the precision of single pulse CARS measurements.

The histograms in Fig. 13 were calculated using the isolated line CARS theory
code. More recently we have included collisional narrowling and cross-coherence effects
in the CARS theory code and repeated the earlier i1solated line analysis. Essentislly
the same reductions in standard deviation were obtained when these effects were
included, as demonstrated in Tables 3 and 4. The effect of the choices of welghting
coefficlents on the average temperatures and average standard deviations obtained from
all of the single pulse data is also shown in Tables 3 and 4. The standard deviatlions
are largely insensitlve to the amount of CARS noise included in the welghting

coefficlents. However, a larger CARS noise contribution resulted in a greater
temperature bilas,

e L
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TABLE 3

EPFECT OF WEIGHTING COEFFICIENTS ON ANALYSIS OP SINGLE PULSE
SINGLE-MODE DATA WITH COLLISIONAL NARROWING INCLUDED IN CARS CODE

AV. TEMP ST, DEVIATION WEIGHTING

Tav O

(K) (K)

1563 131 17 NONE

1551 71 ¢ 5 DETECTOR SHOT
NOISE ONLY

1531 59 t 6 DETECTOR SHOT
NOISE + 4% CARS
NOISE

1492 61 ¢ 7 DETECTOR SHOT

NOISE + 20% CARS NOISE
ERROR LIMITS ARE 95% CONFIDENCE INTERVALS

TABLE &

BFPECT OF WEIGHTING COEFFICIENTS ON ANALYSIS OF SINGLE PULSE
MULTIMODE DATA WITH COLLISIONAL NARROWING AND CROSS-COHERENCE
INCLUDED IN CARS CODE

AV. TEMP ST. DEVIATION WEIGHTING
Tay 97
(X) {(X)
1586 88 t 5 NONE
1554 51 t3 DETECTOR SHOT
NOISE ONLY
1526 45 ¢ 2 DETECTOR SHOT

NOISE + 4% CARS NOISE
ERROR LIMITS ARE 95% CONFIDENCE INTERVALS

The cause of the systematic temperature shifts with weighting 1s not clear.
However, 1t should be noted that hRe welghted fits are more sensitive to the value of
the nonresonant susceptibility (x ) used in the cﬁﬁculacion of the theoretical
spectra. We have examined the effect of changing x by 10% on the best fit
temperatures with welghting (4% CARS notse) and without. The fit to the single-mode
data (including collisional narrowing in the code) produced temperature changes of 9 K
(unweighted fit) and 18 K (welghted fit). The corresponding numbers for the multimode
dﬁﬁa (with the effect of cross-coherence included) were 13 K and 24 K. A decrease in
X ads to an increase in the fitted temperatures. Thus a 20% decrease in the value
of yx used would eliminate about 1/2 of the single pulse temperature shifts observed in
Tables 3 and 4 and would entirely eliminate the similar but smaller shifts observed in
fitting the multipulse averaged data discussed below.

The selection of weighting coefficients appears to be a compromlise between
reducing the standard deviation and avolding temperature shifts. Weighting places
emphasls on the loNﬁr intensity parte of the CARS spectrum and thus the need, for
example, to know x (and hence composition) accurately. The nonresonant background
can be eliminated*5 (with an accompanying 16 fold reduction in CARS signal), however
temperature blasing has been observed in fltting background free spectra“.

The use of a multimode laser clearly confers an advantage in reducing the
single shot CARS noise and thus reducing the temperature spreads observed with repeated
single shot temperature measurements. With this advantage comes the greater complexitx
of the CARS theory calculations, although the recently developed analytic solutional!$,17
of the cross-coherence effects minimize this difficulty. The posaible effect of pump
laser field statistics on the ratioc of the resonant to nonresonant CARS signal®7?,%® 1s a
problem which can be avoided by using a single-mode pump laser. Providing this latter
problem can be resclved, the use of a multimode pump laser is indicated because of the
reduced noise.




9.0 Multipulse Avera,» CARS Temperature Measurements

The question of the accuracy of the flat-flame burner CARS temperature
measurements and their dependence on including collisional narrowing and cross-ccherence
effects in the CARS theory code 1s more readlly addressed by analysing multipulse
averaged CARS spectra.

A 100 pulse average single-mode CARS flame spectrum and a best~fit theory
spectrum calculated with collisional narrowing effects included in the CARS code is
shown 1in PFig. 14. The spectrum was recorded 10 mn above the burner surface on the
centre line. The estimated sodium line reversal temperature 10 mm a ove the burner
surface was 1593 t 18 K. CARS temperature measurements taken along the Na line reversal
axis showed that the centre line temperature was some 18 K hotter than the average
temperature observed over the Na seeded region of the flame. Thus the observed sodium
line reversal temperature of 1575 K was increased by this amount to give the estimated
centre line value of 1593 t 18 K.

Over a perlod of six months we have recorded a series of multimode (0.10 cm—!
spectral width) and single-mode 100-400 pulse average CARS spectra 10 mm above burner
centre. The data was initially analysed using the 1solated line computer code ani then
analysed by including the effects of collisional narrowing and cross-coherence as these
codes became avallable. We have also examined the consistency of the instrumental
(8lit) function by determining the four Volgt parameters from both room temperature and
flame spectra. The room temperature instrument function was routinely used to obtain
the temperatures reported here. The average temperatures so obtalned are summarized in
Table 5. Including collisional narrowing in the code increases the best-I1t
temperatures of single-mode and multimode pump laser data by 20-25 K. With collisional
narrowing included in the CARS code the instrument (slit) functions determined eltner
from single-mode room temperature oc from flame N, 8pectra were essentlally identical,
With the isolated line coue the room temperature slit function was 10-15% narrower than
that derived from hot spectra. With collisional narrowing included in the code the
final temperature derived from the single-mode data 1ls in excellent agreement with the
Na line reversal temperature.

TABLE 5

SUMMARY OF CARS TEMPERATURE MEASUREMENTS
10 sm ABOVE BURNER CENTRE

SINGLE-MOLUE PJMP LASER

TEMP COMPUTER Sulh
(K)
1577 ¢ 17 ISOLATED LINE
1599 ¢t 19 COLLISTONAL NARROWING

MULTIMODE (0.10 cm='; PUMP LASER

TEMP COMPUTER COLE
158éK1 10 ISOLATED LINE
1611 ¢ 11 TOLLISIONAL NAKROWIN;
1569 t 11 COLLISICNAL NARRUWING

+ CROSS-CUHEHRENCE
ERROR LIMITS ARE 95% CONFIDENCE INTERVALS

With multimode data cross-coherence must also be inciuded in the code and as
shown in Table 5 the effect is to lower the best fit temperatures ~4u K. JCuiltistona.
narrowing and cross-coherence have opposing effects on best-fit temperatures and the
final temperature 1is only 19 K leas than the isolated line temperatire. This
cancellation 1s a function of the assumed pump bandwldth since a flt to the Jata with a
0.4 cm~! pump laser ba-dwidth (the laser manufacturer's speciTicatlon produced a [linal
Lest fit temperature of 1531 K, some 57 K lower than the isolated line temperature and
62 K lower than the Na line reversai temperature. The 0.1 cm-! pump laser result of
1569 t 11 K i8 in satisfactory agreement with the Na line reversal ‘emperature of
1593 ¢ 18 K. The Instrument function was very similar to that lerived from the
single-mode data.

Reducing XNR by 20% glves approximate beat it temperatures of iti7 t 13 K
(single-mode) and 1595 t 11 K (multimode; in equally good agreement with the ilne
reversal temperature of 1593 ¢ 18 K,
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In summary we conclude that it 18 necessary to include the effects of
collisional narrowing and cross-coherence to correctly predict CARS temperacures in
P atmospheric pressure flames. With these effects included the calculated temperatures
are within 25 K of the Na line reversal temperatures for both multimode and single-mode
pump laser data.

10.0 Stokes laser noise

With the large number of modes excited in the Stokes laser there 1s the
possibllity of selective focusing of these modes whereby the lower-order modes may focus
more tightly and thus more efflclently wave mix with the pump laser field. In our
earlier work we saw no evidence of thls but the astigmatism produced by a tilted CARS
focusing lens may have masked any effect.

b A8 noted above the observed nonresonant noisée of 8.0% (70 cm-! analysis
bandwidth) with a single-mode pump laser was higher than that observed previously!2
(5.7%). We therefore investigated the effect of adding a beam expansion teleacope with
a magnification of 1.0, with lenses chosen to deliberately induce some spnerical
abberation. With this arrangement the CARS intensity dropped a factor of ~2 and the
observed nonresonant nolse was 5.5%. When the telescope was removed the noise returned
4 to the previous 8.0%.

The 5.5% noise 15 approximately equal to the 5% nolse previously observed 1n
the Stokes laser 1itself! A plausible explanation of this observation 1s that the
spherical aberration introduced in the Stokes laser "blurred" any tendency for
selective focusing of various modes. Thus the pump laser wave mixed with a Stokes laser
whose modes were effective’y averaged.
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DISCUSSION

D.A.Greenhaigh, UK

Have you compared your dye laser noise data with published theories?

Comment

The difference between single-mode and multimode | o temperature, for low/modest pressure high temperature
spectra may be due to the multimode laser causing better (smoother) excitation of the Raman spectrum.

Author’s Reply

We have deliberately avoided any discussion of the emerging theories of CARS noise and we have concentrated instead
on empirical observations of CARS noise. We have not characterised our dye laser in a way that would allow us to
apply existing theories of dye laser noise.

It is clear that the various pump laser modes will mix with a different set of Stokes modes thus leading to smoother
excitation of the polarization. At higher pressures and lower temperatures we might expect the differences we have
observed between single-mode and multimode behaviour to decrease as the larger Raman linewidth involves a greater
number of Stokes modes. In effect we are progressing towards the non-resonant limit as the Raman linewidth increases.

J.P.Taran, FR

The difference in behaviour of the single mode and multimode arrang (with regard to standard deviation) may
result from changes in beam shape of the YAG laser. Have you observed any such changes?

Unless stabilized, single mode lasers may experience frequency jitters as large as 1 ecm™'. These would translate the

CARS spectra along the frequency axis in a random manner, and might affect the result of the computer processing. Do
you track these frequency jitters?

Author’s Reply

The focal spot sizes are indistinguishable for single-mode and multimode pump operation. (Approximately 60% of the
radiation is contained within a 50 um spot size.)

With regard to the second question we do allow for a frequency shift between theoretical and experimental spectra. This
is a fitting parameter, along with temperature, in our least mean squares analysis. The typical short term frequency jitter
with our single mode laser is 0.03 cm™! (single standard deviation).

R.Farrow, US

Your results comparing CARS signal statistics for single and multi-mode pump lasers contrast with our investigations.
Do you attribute this difference to your use of a broadband Stokes laser compared to our use of a narrowband (0.1
cm™') laser?

Author’s Reply

In measuring temperature histograms or spectral profiles we are looking at the shot-10-shot variation in spectral shapes
rather than the variation in total signal level. Because of that [ think we are measuring different quantities. We do
observe that the shot-to-shot variability in the spectrally integrated CARS signals is greater for a multimode laser. The
latter variation is of secondary important in CARS thermometry compared to the variation in spectral shapes.
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APPLICATION DE LA METHODE DRASC A LA MESURE DE LA TEMPERATURE
DANS UNE FLAMME TURBULENTE

par

Philippe Magre, Pierre Moreau, Gérard Collin et Michel Pealat
ONERA
29 Avenue de la Division Leclerc
92322 Chatillon Cedex
France

RESUME
Une flamme prémélangée 4 grande vitesse a été étudiée par la Diffusion Raman Anti-Stokes Cohérente (DRASC).

La bonne résolution spatiale et temporelle du montage DRASC en large bande conveient parfaitement pour I'étude des
€écoulements turbulents et permet des mesures instantanées de température dans unre zone de réaction. A partir de ces
valeurs instantanées, sont construits des fonctions de densité de probabilité de température (PDF ).

La combustion d’'un mélange air-méthane u = 55m/s, T = 560 K, ¢ = 0,8 est entretenue et stabilisée par un
écoulement paralléle de gaz chauds (u = 110 m/s, T = 2000 K), Le mélange de ces 2 écoul ts est aussi étudié lorsque la
possibilité d'inflammation est supprimée ¢ = 0.

Ces résultats sont comparés a ceux obtenue avec stabilisation par une zone de recirculation.

ABSTRACT

The good spatial and temporal resolution of broad-band CARS diagnostic is suitable for turbulent flows and allows
instantaneous temperature measurements in the reaction zone. From these instantaneous values, temperature probability
density functions (PDF ) are built.

Coherent Anti-Stokes Raman Scattering (CARS) thermometry is applied to a high velocity premixed flame. The
combustion of an air-methane flow (u = 55 m/s, T = 560 K, equivalence ratio ¢ = 0,8)in the combustor is ignited and
stabilized by a parallel flow of hot gases {u = 110 m/s, T = 2000 K). The mixing of the two flows without combustion
(@ = 0) is also studied as well as combustion stabilized by a step replacing the hot gases.

1 ~ INTRODUCTION

La Diffusion Raman Anti-Stokes Cohérence (DRASC) est une méthode de mesure ponctuelle et résolue dans le temps
de la température et de la composition | 1] dans les milieux fluctuants. Sa grande luminosité la rend particulierement
attrayante dans I'étude de milicux réactifs tels que les flammes, qui produisent général t un fort rayonnement parasite.
L es caractéristiques standards de ces mesures sont les suivantes:

résol patial : diametre S0 um x long 2 mm
temps de mesure ;10 ny

. de répétti : quelques Hertz
domaine de mesure 13002500 K
seuil de détectivité = 1% en fraction molaire
précimon de mesure 1 3-8%(2].

Ces caractérisiques font de la DRASC une méthode de choix pour T'étude des milicux fluctuants tels que les explosions
ou les flammes turbulentes. L'é¢tude présentée ici est celle d’une flamme turbulente stabilisée:

- st par un ¢ ulement pilote a haute température et relativement grande vitesse,
— wnt pur un decrochement de paroi dernere leguel s'établit une zone de fluide mort a la température de fin de combustion.

1.es enamis o0t cté cffectucs dans des conditions d'ecoulement différentes de celles régnant d'habitude dans les
nstallations utiltsant la DRASC

—— g
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Dans les deux cas, dans un large domaine de {'’écoulement situé de part et d'autre de la zone de réaction, les expériences
antérieures (visualisation par strioscopie, vélocimétrie laser, mesure pyrométrique de température) ont toutes mis en
évidence le passage de paquets de fluides alternativement chauds ou froids, rapides ou lents suivant qu'il s’agissait de gaz
déja brilés ou de gaz encore frais.

Il n'est pas possible dans ce cas d'utiliser les techniques classiques de dépouillement des histogrammes, comme il est
décrit ci-dessous.
2 — DESCRIPTION SOMMAIRE DU MONTAGE ET DU BANC DRASC UTILISE

2.1 — Montage d’étude de la flamme turbulente

Le montage expérimental utilisé [3] restitue dans un laboratoire les conditions usuelles régnant dans la zone primaire
d'une chambre de combustion, qu'il s"agisse de chambre primaire de turboréacteur, de chambre de rechauffe ou de chambre

de statoréacteur.

Le montage (fig.1) de section carrée 100 mm X 100 mm dans la zone d’essais et de longeuer supérieure a 1000 mm est
de dimensions industrielles.

De Iair, dont 1a température est portée & 575 K par un échangeur, est mélangé avec du méthane & température
ambiante, I'ensemble constituant un écoul ensibl homogene a la température de 550 K. Cet écoulement ou “flux
primaire” est injecté dans une partie de la section d'entrée du foyer.

Pour le reste de celle-ci deux configurations doivent étre envisagées;

— flamme pilote: sur environ 20% de la hauteur de la veine, soit 20 mm, on injecte des gaz issus d'une combustion
stoechiométrique dans un foyer auxilaire. Ces gaz, a une température de 'ordre de 2000 K, assurent 'inflammation du
flux primaire et la stabilité de la flamme dans un large domain de richesse et de vitesse; ils constituent le “flux auxiliaire™

— décrochement de paroi: une fraction de la section d'entrée, soit ici 35%, comporte une marche descendante derriére
laquelle s'établit une zone de recirculation comportant initialement des gaz précarburés provenant de I'écoulement
primaire; aprés allumage classique par bougie, un noyau chaud et stable s'établit dans cette zone et assure encore
I'inflammation et 1a stabilisation de la flamme.

Les parois du foyer ne sont pas refroidies afin de limiter les gradients thermiques pariéteux. En conséquence 1a durée
des essais ne peut pas dépasser 40 secondes environ, ce qui constitue un inconvénient majeur lorsqu'on désire accumuler
plusieurs centaines de mesures avec un appareil dont la cadence d'acquisition est de 1 Hz.

Toutes les grandeurs aérodynamiques et thermiques de I'écoulement, sauf évidemment celles données par la DRASC,
sont enregistrées de fagon continue. Les principales d'entre elles sont:
~— débit
- pression,
~— température
~ richesse,

Pour chacun des flux, ces grandeurs peuvent étre lues en temps réel sur le pupitre de commande.
2.2 — Architecture du systéme DRASC

Le systeme DRASC dont dispose actuellement FONERA est un systéme modulaire qui se compose schématiquement
des €léments suivants.

2.2.1 — Emission

Le bloc émission se présente sous forme d'unc table ' - montage “source™ de 1,5 m X (1.5 m sur laquelle sont assemblés
les 2 lasers. Une description détaillée de cet ensemble peut étre consultée [4—6].

Rappelons brievement les caractéristiques essentielles des deux faisceaux laser émis:

— le faisceau de fréquence w,
A, = 532 nm, énergie — 75 mJ, durée d'impulsion = 10 ns. Il est obtenue par doublage de fréquence du faisceau émis par
une chaine laser comportant un oscillateur Nd— YAG suivi de 2 amplificatcurs;

— fe faisceau de fréquence w,
A, = 607 mm (pour N, ), énergie: 3 mJ, durée d'impulsion 10 ns. [l est délivré par un laser a colorant suivi d'un
amplificateur excités par unc fraction de I'énergie du faisceau w,.

Parce que le spectre du laser a colorant présente une modulation et que la puissance du laser YAG n'est pas constante, il
est nécessaire de normaliser le spectre signal (S) en le divisant point & point par un spectre référence (R) enregistré
simuitanémen?.
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2.2.2 ~ Détection

Le spectromeétre  réseau holographique (2100 tr/mm), le détecteur vidicon et différentes optiques associées sont
montées sur une table appelée bloc détection.

2.2.3 — Acquisition

Le controleur de détecteur vidicon est connecté a un ordinateur PDP 11/23, dont le rdle est de:

— mettre en mémoire les informations en provenance du vidicon. La cible est lue a raison de 1 pt toutes les 80 us. Trente
balayages de la cible sont effectués a chaque tir des lasers. La cadence d'acquisition est ainsi de 1 tir laser par seconde
environ;

— donner les ordres de charge et de tir de la chaine laser Nd—YAG;

— lire les amplitudes des spectres Set R;

— mettre en mémoire sur disque dur ces informations;

— traiter en temps différé les spectres.

3 — SPECIFICITE DES ESSAIS DRASC SUR FLAMME TURBULENTE

Un grand nombre de difficultés rencontrées dans la mesure DRASC de température dans les foyers industriels ont pu
étre identifiées et résolues au cours des essais de laboratoire sur flamme turbulente.

3.1 — Difficultés expérimentales

Ces difficultés sont liées a V'environnement de 1a cellule d’essais (bruit, température ambiante, acces optique, etc...). Elles
ont été résolues en installant les optiques délicates du banc DRASC et de la détection dans la salle de commande. Des
mécaniques de grande stabilité ont également été employées pour soutenir les optiques diverses.

3.2 ~ Technique d’acquisition des histogrammes

Lintensité du signal DRASC dépend trés rapidement de la température. Entre 600 K et 2350 K, qui sont les
températures extrémes qui peuvent étre rencontrées, le signal est réduit d’un facteur 100. De plus, & température constante,
le signal fluctue par le fait des fluctuations de puissance des lasers et de I'influence des gradients thermiques rencontrés dans
le foyer. Globalement le signal change de 1 4 300, ce qui est beaucoup plus que la dynamique permise par le détecteur. Une
solution avait été proposée par Switzer et al. {8}, mais clle nest pas compatible avec notre montage expérimental. Une autre
solution est proposée. L'histogramme est enregistré en deux temps, le niveau du signal étant ajusté au moyen de verres
neutres gris (atténuation optique).

— Une premiére série de mesure est effectuée avec une forte atténuation. Dans ce cas, la nombre de tirs saturés est
négligeable (N = 0) mais le nombre de tir N pour lesquels les spectres sont trop faibles peut étre grand.

— Une deuxiéme série de mesure est effectuée sans atténuation. Les spectres correspondants aux hautes températures sont
ainsi enregistrés. Dans ces conditions de mesure N = 0 mais N, (le nombre de spectre pour lesquels le détecteur est
saturé) peut étre grand.

A partir de ces deux séries de mesures, deux histogrammes sont construits de la fagon suivante:

{a) les tirs défectueux sont rejetés. Le critére de rejet ne porte que sur le signal de référence. Les causes d'une référence
défectueuse n'étant pas corrélées a la température du foyer, ces rejets ne peuvent pas introduire de biais systématiques;

(b) les essais de la premiére série donnent naissance i I'histogramme P,(T) avec:

ny(T)

P = Tamie,

ou n, {T) est le nombre de mesures pour lesquels la température est située entre Tet T + A T ou A T est la taille d'une
classe de température;

(c) de fagon identique les essais de la seconde série de mesure donnent naissance a I'histogramme P, (T ):

ny(T)

PT) = T+ N,

{d) les deux histogrammes ainsi obtenus se recouvrent partieliement du fait des fluctuations d'intensité induites par les
fluctuations de puissance des lasers et par I'effet des gradients thermiques (fig.2).

Dans certaines conditions d'enregistrement et de dépouillement, il peut étre montré (cette justification est donnée en
[7]) que Ihistogramme réel P (T ) est formé de la superposition des histogrammes P, (T ) et P, (T )

AT) = P, (T) + P{T)
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Cette technique donne avec le maximum de sécurité des histogrammes & deux pics dans le cas d'essais effectués dans
des domaines & fortes fluctuations de température.
Notons que cette méthode de mise bout a bout d'histogrammes peut poser des problémes délicats de raccordement du «

fait des fluctations d’amplitude des signaux résultant des fluctuations diverses, comme celles des lasers. La justification de
notre traitement est donnée ailleurs {7]. 1
4 — ANALYSE DES RESULTATS

La position des points de mesure est représentée sur la figure 1 ainsi que les conditions expérimentales qui ont été
figées pour I'ensemble des essais (6 heures de combustion proprement dite, 600 rafales au cours desquelles 18000 spectres
ont été enregistrés).

4.1 — Flamme pilote sans combustion principale

Dans ces conditions on étudie la coexistence et le mélange d'un jet chaud pariétal de hauteur a I'entrée 20 mm, avec un
jet plus froid de hauteur 80 mm.

La figure 3 représente les histogrammes relevés au voisinage de la section de confluence des deux écoulements (x = 42
mm) et dans un second plan de mesure sortie plus en aval (x = 122 mm)[9].

11 apparait nettement un réchauffement rapide du flux frais et un refroidissement corrélatif du f1x chaud. A I'abscisse
maximale explorée, une uniformité de 'écoulement n’est pas encore apparue.

Cette constatation explique le fait que méme au voisinage du plan d’entrée, ou les histogrammes mettent en évidence un
prédominance d'un pic chaud (T = 2100 K) dans le jet pariétal et d’un pic frais (T = 600 K) dans I'écoulement principal. les
températures intertdiaires ont une probabilité non nulle.

4.2 — Flamme pilote avec combustion dans le flux principal (richesse ¢ = 0,8)

La figure 4 donne pour les mémes points d'essais que précédemment, les histogrammes obtenus lorsque I'écoulement
primaire est composé d’une mélange air-méthane de richesse ¢ = 0,8. Celui-ci s'enflamme au contact des gaz chauds de
I'écoulement auxiliaire pariital et I'analyse des histogrammes met en évidence cette inflammation.

Dans le plan de mesure situé a x = 42 mm en aval de la zone de confluence les histogrammes obtenus sont tout a fait
sembiables a ceux corresponde nt dans la méme section a un mélange a richesse nulle. ce qui vérifie la reproductibilité des
essais et des dépouillements. Toutefois dans le sillage immédiat de 1a plaque séparant les deux écoulements (y = 20 mm), les
signes précurseurs de la combustion apparaissent déja.

Dans le plan de mesure situé ax = 122 mm en aval du plan de confluence des écoulements les histogrammes font
apparaitre un double effet:

— le maintien de I'écoulement auxiliaire pariétal pratiquement & sa température initiale dans tout le domaine qu'il occupait
antérieurement (0 < y < 20 mm) et I'existence de gaz brilés sur une hauteur de veine assez élevée (20 < y < 40 mm);
— la persistance de gaz frais au voisinage de la limite inférieure de I'écoulement principal, c'est-a-dire dans an domaine ot la

combustion devrait étre logiquement trés avancée.

Cette deuxieme observation conduit tout naturellement 4 définir comme “zone de réaction” la partie de la veine ot les
histogrammes présentent deux pics (méme de hauteurs nettement différentes); ces “flammes épaisses” sont bien
caractéristiques de la combustion turbulente.

4.3 — Flamme stabilisée par un décrochement de paroi (fig.5)
Des explorations ont été effectuées dans un plan situé a x = 35 mm du plan d'entrée de I'écoulement et permettent
encore de mettre en évidence trois zones:

— une zone de gaz de recirculation a une temperature d'environ 1700 K {correspondant a la combustion 4 la richesse ¢ =
0.8) dans la zone de recirculation (0 <y < 20 mm);

— une zone de mélange (20 < y < 35 mm) apparement encore sans combustion et présentant des histogrammes 3 deux pics;

— une zone de gaz frais a température a peu prés uniforme (y > 35 mm).

On remarquera a la suite de cette analyse les précautions qu'il faut prendre pour interpréter les histogrammes, la méme
configuration a deux pics pouvant représenter des zones a mélange et a réaction chimique ou des zones a mélange seul.
$ — CONCLUSION

L.es essais effectucs au moyen du systeme DRASC dans un foyer oil s¢ propage une flamme turbulente ont montré que
si on prend des précautions particulieres pour l'interprétation des histogr. S, €1 not t des histogr adeux




pics, une description fine de la température instantanée et locale peut étre obtenue.

Ces essais ont été effectués dans des conditions tres séveres:

— bruit acoustique et électronique éleveés,

— grande distance entre le point de mesure et I'émetteur ou le récepteur,
— température locale élevée avec importantes fluctuations,

— montage d'essais difficilement accessible.

Malgré ces difficultés et bien que le conception du foyer non refroidi n’ait que des tirs de quelques dizaines de secondes,
des résultats nombreux et précis ont pu étre obtenus mettant en évidence la structure fine de I'écoulement.

Ces essais ont montré que les systeme DRASC peut maintenant étre employé sur des montages industriels.
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DISCUSSION

A.Melling, UK
The geometry in Figure 1 Part (1), is of interest in fundamental studies of turbulent combustion with a supersonic
primary stream and a subsonic hot gas steam to stabilise the flame. Could you speculate on the additional difficulties
which are likely to be encountered if CARS were to be applied to such a supersonic combustion experiment?

Author’s Reply
There is not any principle objection for application of CARS in a supersonic combustion environment. However it
should be kept in mind that

— high density gradients (and consequently high refractive index gradients) could lead to defocalisations of the laser
beams.

— the intensity of the CARS signal is proportional to the square of the number density of the probed molecule. In
consequence the CARS signal could be very weak in low density flows.

J.P.Taran, FR
Comment
1 think if the size of the flow is not too large there should be no reason why we could not make a measurement under
those conditions. However, if the size of the flow and the temperature gradients become too large then the density
gradients cause beam defocussing. This effect is well known to those working in CARS. If the problem becomes severe
it also becomes difficult to get single shot spectra because the beams are so damaged by the density gradients that there
is not enough signal to collect on a single shot basis and you end up having to integrate over a long time and then
naturally you start asking questions about what it is you are measuring. What is this average which you get which is
certainly biased and may also have a biased PDF?

A.C.Eckbreth, US
Comment
This area of turbulent beam steering strain is often talked about but it is one that is really difficult to quantise in internal
combustion engines. There have been experiences where there has been complete loss of signal, during say flame front
passage or something like that. Our experience in jet engines is that we use the geometry that I showed you earlier where
we put the dye beam inside the annular pump beam. That causes the dye beam to focus not as tightly as the o, beam. So
you have a broad intensity profile for the dye laser, you have a more narrow intensity profile in the w, laser, so you can
tolerate a certain amount of dithering. At full augmentation at very high acoustic levels we typically experience maybe
25%, perhaps as much as a 50% loss in total signal. We still have enough signal to do single pulse thermometry. We
have not in our tests to date definitely ascertained whether we simply have dithering of all our optics causing our beams
to shake about or whether it really is due to flow effects. You know, it is a sort of uncertain area of measurement and
there are instances where there could be problems. But it seems in the range 1-20 atmospheres, if you look at the body
of measurements that have been reported in the literature, people have generally been successful in gathering data
under very difficult conditions.

R.B.Price, UK
1. Has the CARS data reduction been carried out using “quick fit" methods?

2. Have you done flow visualisation on the flames in the two flames you have got CARS data for? Are there large
coherent structures present?

Author’s Reply
1. The“quick fit” CARS data processing has only been used to have a nearly real time first approximation of the
temperature. This “quick fit” is based on the slope of the cold vibrational band or on the width of this band.

For definitive results, given in the paper, the processing of the data was based on a complete fitting between the
experimental and theoretical spectra. The routine based on least mean square method needed 5 seconds of
computation time on 8 PDP 11/23 for each spectrum.

2. Visualization of this flow have already been carried out by means of high speed cinematography and
shadowgraphy {3]. These pictures have shown large structures in the flow and ulso turbulence of lower spatial
scales. However the large structures, pockets of hot or cold gases, can not be considered as “coherent” structures.
For discussion on this last point see Ref.7, to be submitted to Combustion and Flame.

D.Kretschmer, CA
How do you view the possibility of applying CARS in the primary zone of the combustion chamber where the flame
isn't transparent?

Author’s Reply
The possibilities of CARS have aiready been demonstrated at the outlet from the main combustion chamber sector of
gas turbines, and from inside the primary zone. Temperatures have been measured there (1) without the non-
transparency of the environment or the luminosity of the flame presenting a problem. New difficulties, making the
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method harder to apply, could arise in a primary zone functioning at high pressure. In this case, above 3 bars, significant
varjations in density could cause significant de-focussing of the beams for optical traverses of the flame of
approximately 30 cm.

: (1) R.Bedue, P.Gastelois, R.Bailly, M.Pealat, J.P.Taran. CARS measurements in a simulated turbomachine
combustor. Combustion and Flame, 57(141), 1984,

J.P.Taran, FR
Comment
We have done some measurements on a simulated turbomachine combustor at SNECMA. We found no problem with
optical traversals of ~10—15 cm using kerosene as the fuel and at 1 atmosphere. To establish the connection with this
other question we had about extreme temperature and pressure gradients. When we raised the pressure to 3
atmospheres we started running into severe problems of beam steering and signal loss. That is because the gradients can
get very large. The beam steering of course changes the positions of the beam foci and also changes the size of the focal
spots so the CARS signal is lost. So, as a rule of thumb, ~10 cm beam path length and a pressure of 3 atmospheres is
going to be close to the limit for CARS measurements.

A.C.Eckbreth, US
Comment
I would like to comment on Pierre Taran’s comment. There have been a number of CARS measurements on primary
zones. We made some measurements back in 1979 on a 30" diameter combustion tunnel fuelled with Jet A and |
atmosphere pressure. The biggest problem we had was that as we increased the equivalence ratio to 1.2 1.4, we started
experiencing fairly severe beam attenuation due to increased soot formation. I am wondering whethering in your
particular case as you went up in pressure from 1 to 3 atmospheres whether is was really beam steering or perhaps an
increase in soot formation.

J.P.Taran, FR
Comment
I do not think in our case it was soot formation because there did not seem to be any appreciable attenuation of the laser
beams going through the combustor. This was more of the beam blurring-type problem that we experienced. [
remember that.

D.A.Greenhaigh, UK

Comment

1 would support Taran'’s comment. We have made a lot of measurements in I C engines and there you see a lot of beam

steering. When the flame front comes through where you are making the measurement the beam does not come out of
1 the engine at all. It vanishes inside due to very severe deflection which is worse when the beam is traversing parallel to
the flame front.

We have also done measurements in an ammonia oxidation reactor at 10 atmospheres and ~2—300"C in which we
were traversing through around 1.5 metres of reacting gas. There we saw very large beam steering, more than we

(’ anticipated. This flow was clear with no particles of size greater than 0.2 um in the gas stream. Dithering of 2—5 cm on
the laser beams was observed. So beam steering is likely to be a worry at high pressure. It is a function of the product of

path length and the density gradient. Large gradients can be tolerated over short path lengths. The particular problems

in the ammonia reactor arose because the path length was 1.5 metres which is a long way.
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ROUND TABLE DISCUSSION
SESSION 1

J.P.Tarsn, FR
Dr Price will give a brief introduction of a few minutes on his feelings about the subject. Then we will invite questions.
Those questions will be asked to the entire batch of speakers whom you have heard since this moming. So I will ask ali
the speakers and nty session co-chairman, Alan Eckbreth, to stand up and come to the table here and be ready to face
your questions.

I suggest to make you more comfortable about questions that we do not write down the questions and the answers
because that means doubling or tripling the volume of effort you have to put in. Writing down the questions may inhibit
you in asking questions, so I think it better if we do not write down the questions and therefore do not write down the
answers. I hope you do not mind. We will have a freer discussion. I believe that this is better in encouraging more
exchange of views.

R.B.Price, UK

i [ hope that like myself you will have drawn some encouragement from what you have heard today as regards the
usefulness of CARS as a practical tool, and as regards the understanding that has by now been achieved and the ability
to model CARS spectra. | think that as far as applications are concerned we have been given examples of quite notable

* success, ranging from furnaces through IC engines and moving on through subsonic combustion in gas turbine type
environments to supersonic combustion scram-jet type combustors. As far as my own industry is concerned, and there
are others in the room who can deal much better than I can with applications to furnaces and IC engines, there are three
main applications of CARS that I can foresee. All fall in the general area of combustion modelling, I might add that

f these are personal views and do not necessarily represent the views of my company.

The first application is in the field of radiation modelling. As we go further towards stoichiometric combustion and
higher bumt gas temperatures, radiation to the walls of the combustion can is going to become an increasingly
important source of heat transfer. The ability to predict that radiation is going to be an important requirement for the
future. As part of the development of the model for doing this and its validation, the ability to make spatially resolved
measurements of both mean gas temperature and its pdf, together with corresponding data for major species
concentration, within the environment of the primary zone of a gas turbine combustor is going to be very valuable to us.
Such data is of course equally valuable in validating 3D models of the combustion process. I can think of no technique
other than CARS that is capable of giving this information in that demanding environment. I consider it worthwhile
developing the CARS technique for that application alone.

As far as the physics of the combustion process is concerned, many of you will know that there are models which treat a
turbulent combustion zone as a composition of laminar flamelets. One of the models whose development we are
supporting requires knowledge of the pdf of temperature as input for the calculation of heat release locally by the

} laminar flamelet. Again, CARS has an important role to play in providing this information.

Thirdly, in the general context of turbulence modelling for combustion flows there is a requirement to measure
: correlated velocity and scalar quantities. These measurements will help us to assess different turbulent transport models
and decide on the most appropriate ones. Some of you may be aware of the work that Larry Goss has been doing in
generating this type of data using CARS to measure gas temperature and making near-simultaneous measurements of
velocity by laser anemometry.

So these are three examples from my own particular industry where I can foresee CARS being a technique that can
! produce valuable data that is not going to be available to us by any other method.

il ot

J.P.Taran, FR
Now what I think is appropriate is to invite your questions and perhaps also ask those members here to make
1 propositions or suggestions.

G.B Kretschmer, CA
In gas turbine primary zones, you can easily have temperature gradients in the order of 1000°k per millimetre. That
mean that with your 3 mm, 4 mm and 10 mm long measuring volume you can have gas at a lot of different temperatures
in that volume. What is the form of the measured mean temperature? | suppose it is *ot the true mean of the

J temperatures.

J.P.Taran, FR
I think I can try and answer this question because we have addressed it specifically for the past two years. The problem
is the data will be biased in favour of the cold spectra because there is a quadratic dependency on density and they are
much stronger. We have conducted computer simmulations of the spectra that you would get by putting side by side in
the same volume a hot and a cold gas and you find that if the temperature gradient is not too large you indeed get
something which is close to the true mean of the two temperatures, but certainly if you are to increase the gradient then
you may get into trouble. Now I cannot quantify this because the data is not finished and furthermore we are working on
an experimental programme to verify this. This is part of a one or two year programme to explore the effect of spatiai
h;ruvoh:tiononﬂledlh quality in CARS. So basically we only have a partial answer to your question. Perhaps others

i more.
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A.C.Eckbreth, US
I agree it is a difficult problem. I think in this context you just have to look at the alternatives. If you put in any kind of
probe which may have to be water cooled to survive the kind of conditions that you envisage then that probe may have
to be many millimetres in diameter. It is unclear what kind of temporal or spatial resolution you are going to get in that
situation, Albeit in these situati~ns CARS is not perfect because of averaging over the spatial resolution it may
nevertheless be superior to what else is available.

D.A.Greenhalgh, UK
I would like to make a general comment that the spatial resolution that you get with CARS is typically 3 or 4 millimetres
long by 100 microns in diameter, or something of that order. It varies slightly from system to system but that is typical of
what you get with a lot of point-scanning optical diagnostics and it will be wrong to assume that another optical
diagnostic is not going to suffer the same problems that we have with CARS, particularly with beam steering and so on.
So 1 think one of the things to bear in mind is that where CARS does suffer with beam steering you are not going to
solve that problems necessarily by turning to another optical method.

J.P.Taran, FR
To just add one comment to the subject I was discussing these problems specifically in connection with the work done
and presented by Philip Magre. Given the very high shear in his experiment some people expected the turbulent scale to
be of the order of the Kolmogoroff scale, that is largely sub-millimetre in size. So we know in this experiment we are a
factor of 10 to 100 away from what you might expect to be necessary for adequate spatial resolution. That doesn't stop
me from sleeping for the time being, at least not for a year or two.

A.Buggele, US
I would like you to address the data rate one more time. What | have got in mind is how we can get to 5000 shots per
second. Let me pose something to you. The Gatling gun; I don’t know whether they have got 10 barrels or 20 barrels.
Suppose you use 20 generic lasers all of a standardised design, because we are talking about limitations on costs, and let
us say X number of CRAY'S or whatever kind of computer you choose, and gang them together. Is it feasible to
combine a system with 10 to 20 different lasers so you can get the rate of shots up to 1 or 2 thousand per second
because it will be most beneficial if you can do that?

A.C.Eckbreth, US
If you are really interested in going to the extremely high data rates I would suggest that you do not study flames that we
find in really practical combustion devices but rather, for example, turbulented premixed flames or hydrogen air
diffusion flames where you can isolate say the fundamental turbulent chemistry that you want to study. There are other
laser diagnostics, for example, Rayleigh scattering which when properly performed can give you temperature rates up to
the order of 15 kilohertz. There are a number of studies like this in the literature where you take a diagnostic technique
which has the data rate capability and you match your experiment to it. If you really want to study such problems, say in
turbulent soot-forming combustion, you could interleave lasers at 5G Hz, you could interleave those together but I think
it would be very difficult to find anyone who would financially support such an experiment. So I would say for these
more fundamentally oriented questions the best solution is to define the experiment and then there are existing
diagnostic techniques which can have a go at those kind of problems.

D.A.Greenhalgh, UK
I think you posed the same question to me after my paper and [ wrote an answer. First of all if you want to do a practical
experiment, we can currently have 2—300 millijoules per pulse and I would prefer more signal to mitigate against some
of the problems we have now. Quick calculations say I am going to have a kilowatt of output from the frequency
doubled source. Now [ shudder to think what the electricity supply required to do that is with about 1% wall plug
efficiency. That is going to be a hefty amount of current and it is going to be a huge laser. That would represent the
facility you are going to drive to do what you are asking for whether you do it like a Gatling gun or you use a big barrel.
The alternative, | think, where there is a possibility is the copper vapour laser which does get to the required power. But
if you go to the high pressure combustion then you do no need the source of high power I am talking about. We
managed with a few millijoules in our engine spectra. So on the lascr front I can see a possible match of high pressure
systems with an advanced copper vapour laser. Where you get into a snag is if you want to do multiplex CARS and use
the detection technology you currently have for the multi channel detector. Even if I crank that thing up I do not think I
am going to get beyond 200—300 Hz. However solid state devices are emerging rapidly so may be a year or two from
now we might get there. .

R.Farrow, US
There is another CARS technique that may have a bearing on this. This is relatively new and uses a narrow band lase: to
simultaneously probe the different transitions in the nitrogen spectrum. That might alleviate some of the requirements
for such a large laser since it would be a narrow band measurement.

D.A.Greenhalgh, UK
That might be a bit more problematic at high pressure.

R.Farrow, US
You could look at the hot band and the ground-state band, and that has been demonstrated.
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J.P.Taran, FR
1 was going to suggest some other thing and eventually will turn the question back to you in a sense. What exact problem
do you want to solve? [ think there is another method if you are willing to trade repetition rate for spatial resolution or if
you want to trade points in time for points in space. If you have a flow you could either elect to look at one point and
take measurements at the same point in an equal succession or you could sample the flow all at one time but in different
positions. If you want to do this then maybe you could disguise again, and if you take your positions close together you
could indeed resolve some fast moving flows and study fast phenomena with a fine spatial resolution. Now clearly there
may be solutions to your problem if the problem is formulated so that we know if we are dealing with high pressure, or
low pressure, what kind of dominant species we have in the flow and so on.

Unidentified Questioner
Do you have experience of CARS usage for rocket exhaust jets and what will be the limitation for using CARS for such
flows?

D.A.Greenhalgh, UK
I guess the two types of rocket are the solid burning and the liquid burning, In the solid burning I think one of the things
you are going to run into is particulates in the system itself and therefore some optical attenuation. Apart from that
there are obviously the shock diamonds that you are going to have to cut through and you may be dependent on the
stability of those shock diamonds in order to successfully traverse the system to make measurements. I do not think that
I know of anyone who has achieved that but some of the other panel members may.

R.Farrow, US
There has been a demonstration by Lee Harris. He made CARS measurements in a solid double based propellant not in
the combustion zone but just above it and he made single shot measurements at about 1500°k.

D.A.Greenhaigh, UK
We have also made measurements in similar things and 1 would prefer not to have to go back to some of the very rich
systems where you have a lot of fuel. You can imagine there is always some sort of fuel and oxidant mixture present and
if you have got a lot of fuel, so the stoichimetry in effect is greater than one, then it is not easy to make the
measurements.

A.C.Eckbreth, US
1f you are talking specifically about making measurements in expanded nozzle flows we are currently doing some work
for NASA, Marshall looking at diagnostic techniques for example to make measurements in the exhaust of the space
shuttle main engine. A lot depends there on the degree of expansion. On some of these highly expanded jets the
pressures get extremely low. As you have seen, CARS nominally has a pressure squared scaling dependence. So if you
want to use CARS, one of the problems you have in some of these devices, even if they are clean and you do not have to
worry about the refractive effects, is that the pressure starts getting quite low and therefore we actually have to relax the
spatial resolution to get enough interaction length to get the signal up. Now that might not be a really big constraint and
you may be able to tolerate 25 mm or 30 mm resolution if you are looking at a couple of metres diameter exhaust, but
that could be a problem. In fact if the flow is clean enough spontaneous Raman scattering may become more sensitive
than CARS. So you might not want to use CARS in a situation like that.

T.Jackson, US
1 think that Dr Greenhalgh indicated some CARS measurements in a spray. I am interested in measurements in a
vapourising liquid fuel spray. 1 wonder if the panel could comment generally on the problems associated with that
measurement, and specifically whether there is a clear limitation in terms of droplet concentration that you have to
avoid?

D.A.Greenhalgh, UK
Yes. We are not unique in making spray measurements; Alan Eckbreth has also made spray measurements. When we
made those measurements there was certainly a limit and we four-d that it is when you get down to about 30%-~40%
attenuation of the pump beam that life starts to hurt. At that stage you tend to get quite a lot of signal drop out and that
arises because as a drop passes through the beams themselves it acts like a really weird lens completely deforming the
laser beam and [ think that is the thing that primarily hurts. One thing going for you, unless you have a very dense spray,
is that you get a fairly high voidage there and you can get shots in between the droplets. I think the thing that you really
need to think about is that typically in some of the spray regions, you could take 500 shots but only 300 would go
through as being appropriate for analysis. Then you should be saying ‘can I believe the complete statistics of the flow [
have sampled or i8 there some artefact that has arisen because of the fact that | have got data drop out?" | think actually
in the core region of the spray it should not be a problem. You probably have more of a problem at the buming front
where you have got the combination of two effects, beam steering and droplet effects.

A.Melling, UK
Bryn Price said he was encouraged by the process that was going on in CARS and the fact that one can have
perature and ¢« ation ements. | am probably not alone in being a little bit put off by secing some of the

things like third order sus.cptibilities and four miles of computer magnetic tape full of data. What about other
techniques which are probably a lot cheaper and do not give you proportionaily less information, for example laser
induced fluorescence? Can the panel comment please?
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D.A.Greenhalgh, UK

The four miles was an order of magnitude out; it was actually forty miles! That represents the actual data we have
collected. However, we do not just collect CARS data, we also collect full cycle pressure data. It is a data logging
exercise. I would not be a all surprised if Rolls-Royce or Pratt and Whitney when they run their gas turbines do not
wind up with similar quantities of data for some of the tests they do with or without CARS. So that statistic was brought
out to try and indicate that we use CARS as an engineering tool on the test bed. It is just another measurement you
make on the engine when it is running at a certain condition along with other things. One comment I would make is
perhaps a bit provocative but CARS is the only optical technique that ! know that has not fallen short when it has got
near a practical device, so it really has got that going for it.

J.P.Taran, FR

I would like to add a comment that if you can process your data in real time you do not end up with miles of magnetic
tape. I think we are getting close to this point really. For instance in our case at ONERA, the simple addition of a co-
processor would enable us to operate at 10 Hz with maximum performance in data processing. So the situation can be
improved by just a little more sophisticated computer equipment or data handling. Perhaps Alan Eckbreth would like
to on laser Auc e b you raised this point.

A.C.Eckbreth, US

1 thought your question was a good one. There are a lot of optical techniques. A lot of us have got into CARS because
we tried a lot of other techniques that did not work. In the gas turbine business, the things we are most interested in, in
many cases, are temperature and major species concentration measurements in terms of profiling heat release and in
measuring efficiencies. Fluorescence techniques are primarily suited to radical species and are commonly used in
kinetic studies; if you will, in more fundamental studies of flame chemistry. In many cases there are fluorescence
thermometry techniques. Most of them by the time you are finished emerge not being too unlike CARS in that you need
optical multichannel detectors, you need Nd/Y AG pulsed lasers driving narrow band tuneable dye-lasers which have to
be tuned to specific transitions and, in fact in many cases the thermometry is not as well grounded as CARS is. [ think
CARS is a technology which can be transferred to people who do not know what third order non linear susceptibilities
are but it is very good to have some experts in house who can help those people out at a moment's catl when they need
help. It is a technology I think that is going to be somewhat more difficult to transfer than laser anemometry. Many of
you are versed in laser anemometry. You know those systems are commercially available and you know the difficulties
involved in doing LDV measurements.

W.A.Stange, US

1 believe, Alan, you have done some measurements with CARS in a supersonic combustion facility with hydrogen fault.
Have you compared calculated temperatures with your measured temperatures?

A.C.Eckbreth, US

In some internal corporate documents, primarily in proposals, we have used those demonstration measurements and
suggested the plausibility of the measurements, but at this point you should take those measurements primarily as
demonstrations of the ability of CARS to make measurements in supersonic flows. They have not really been rigorously
used for model evaluation at this point, but certainly with activities in hypersonics increasing at the rate they obviously
are, [ think CARS and other laser diagnostic techniques are very important for model validations particularly in those
supersonic regimes where we can experimentally access the flows. The particular experiment you mention is not
modelled in detail so the answer to your question is no. We do not have temperatures to compare from say two
dimensional CFD calculations of the flows.

P.A.E.Stewart, UK

In transferring the technology, what do you see as the major problems and do you foresee a use for expert systems?

J.P.Taran, FR

In France if I try to start a company that would run the service of CARS because clearly the demand is very high, the
chance of failure is also very high, given the difficulty of the experiments. It is obvious that it is much cheaper to rent
services for three months than to buy this complex equipment at something like a few hundred thousand dollars and
then try to hire the people, which you will not be able to find anyhow, to do the experiments for you, at least not within
two or three years. So that is one approach which you can try. The other possibility is that you can try to pull the existing
experts into some kind of working force that would provide services here and there locally but not moving, That is one
approach we are trying in France without really knowing if it will arrive at some result but we are considering it.

D.A.Greenhalgh, UK

A very good comment was made earfier by Alan that you can transfer the technology and you can do the experiment
very successfully without having a detailed knowledge of all factors involved. The snag arises if you run into a problem
such that the tougher the application the more the likelihood of that problem occurring. I think what people do need
when they get into these applications is some sort of pool of expertise that they can draw on and | think I would support
that proposal. There is the problem if you want an expert on CARS that they are not readily available. It takes maybe
three or four years to train someone who really could be utilised for consultancy type work in a variety of environments
and I think that is probably a minimum period for that sort of role. There are not that many worldwide potential
consultants and so | would supnort Jean Pierre and say that what expertise exists does need to be used with care and to
best effect.
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R.Farrow, US
I might use this opportunity to put in a plug for Sandia Labs and the combustion research facility there. We have a
facility worth visiting. Combustion scientists come in and do experiments with the staff. There have been cases of people
proposing CARS investigations where the person coming in brings with him the apparatus where the measurements are
to be done. That has happened a couple of times.

D.A.Greenhalgh, UK
1agree that is a smart move. It is very easy to see, for instance, working at Harwell, that those people who successfully
imported the technology from us are those people who have come to us and worked with us.  think one of the reasons
for that is as must as we try to be honest in putting down as everyone else does the way we do our experiments, there is a
certain amount of deep knowledge of the tricks that lasers can play on you that perhaps does not always get through and
people can pick this up very rapidly from working on a successful experiment. Perhaps the motto is go find yourself a
successful CARS e:periment and get friendly with it.

M.N.R.Nina, PO
My question is related to interference of the CARS high energy beams with the flow itseif. A solid probe interferes with
the flow in many ways. To what extent do CARS high energy beams interfere with the flows that one wants to measure?

D.A.Greenhalgh, UK
There are some certain obvious ones. If you turn the lasers up to high intensity levels in just a plain gas you will actually
get breakdown and that is to be avoided. Then there are a number of other aspects with regard to saturations and so on
and Roger Farrow has told us some of the possibilities there are for distorting the spectrum. You have to take a prudent
approach to your experiment so that it is properly designed to mitigate against these effects. However, having done that,
there are still circumstances which can cause problems and one of those is particle laden flows. Particles as they pass
through the high intensity part of the focus can induce yet further breakdown and you can literally see sparking in the
laser, and there is some work by Ed Whiting which addresses that problem. He looked at ash laden flows basically and
we have seen similar results in that type of system where you have particles that probably are grey-white. But, if you
have particles that are black we see a different type of behaviour which is also important. So in answer to your question
1 think I would expect that the biggest problem would arise from particles in flows and there is probably quite a bit of
work that needs to be done there for such flows to figure out all of these effects.

R.Fletcher, UK
I think it is very worthwhile to take measurements on +40°K at some temperatures. At say 2500°K is useful, but not half
as useful as measuring at +4°K at 2500°K. I would be interested to know whether the panel think that such levels of
accuracy can be obtained? If so, how and how soon?

J.P.Taran, FR
There are several aspects to the answer. We at ONERA have tried scanning CARS in media at very higii temperatures
like discharges where in actual fact the static or rotational temperature is low but the vibrational temperature is very
high, above 4000°K. In principle in these situations by scanning CARS again you should be able to get a temperature
within a few ‘K. Unfortunately we then run into several problems which are of the following nature. You see the
different vibrations respond to the excitation in different manner and roughly speaking the response, that is the squared
root of the CARS intensity which is what we get in the end, is proportional to the vibrational quantum state number plus
one. This is a rough approximation and in fact there are high order corrections which are not always easy to calculate
since they necessitate a deep knowledge of the molecular potentiat functions which are not always known. Furthermore,
the vibrational saturation also becomes important in these high level vibrational states because the saturation is
dependent on the vibrational quantum number also and these corrections are sometimes extremely hard to evaluate, If
we are talking about flames and single shot spectroscopy then of course the difficulty is that we might not have much
signal at the higher temperatures and therefore the temperature measurement precision might not be so good. We also
have to spread the laser energy available over many modes and the signal to noise ratio per channel decreases quickly.
So, that is to give you a feel but I am not giving you a specific answer.

D.A.Greenhalgh, UK
[ tend to support that. I do not think we have enough CARS signal at the moment to intrinsically get that accuracy single
shot. So we would certainly have to improve the quantity of the CARS signal we are getting from the system to get
towards that. Also, Jean Pierre discussed the point of absolute accuracy. I think the international scale for
measurements and relating to that as we move towards 4K at those very high temperatures may prove to be a
significant problem. We made a stab at that with our high temperature lamp and tl.2re is an enormous amount of
physics in the subtle corrections that can come in when we are talking about 15 or 20°K. If you are going to 4’K I think
there is an immense problem there in being able to believe your measurement in an absolute sense.

M.ZMatteson, US
My question is directed to Alan Eckbreth.
In your UTRC scram jet tests I believe you were running your primary only and you were going through a quartz
window with your CARS. With scram jets you are in a high temperature environment and there is another application
problem caused by water droplets. Is there any possible way of closely ganging together a couple of CARS systems in
parallel close proximity for getting a temperature mean because of your lost signal? You say that you get the water
droplets to give distortion and you lose your signal. Is there any way of getting something in close proximity so there will
not be that much of a temperature gradient but at least getting a ball park of what the temperature might be in that
region.
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A.C.Eckbreth, US
1 guess | am having trouble following your question on the water droplets.

M.Z.Matteson, US
One of the other gentlemen (Dr Greenhalgh) said that you lose your signal count and go down to maybe 40% counts or
something on that line and that you should question whether or not to trust that count as being an accurate statistical
profile of what your signal should be. [s there any way of running the CARS in parallel so that you can kind of match
that signal to validate whether it is accurate or not, to try and get a new ball park of your temperature when you are
having trouble with droplets in the air?

A.C.Eckbreth, US
Where are you getting your water droplets from?

M.Z.Matteson, US
We do some spray cooling occasionally in our effluent gases. Because of water particles, you lose your count on the
CARS. Is there any way of saying that the validity of the CARS signal is not that good? Is there anythiny in parallel to
try and get an accurate measurement.

D.A.Greenhalgh, UK
The point | was referring to is this: If you make say about 500 measurements, you can only analyse maybe 300 of those
in a dense two-phase flow region where you have got reasonably low voidage and then you certainly do have to ask
questions as to exactly whether you sample the flow properly.

If, for instance, the arrival of the particles that pass through the beams is a purely uncorretated random process
compared to the temperature field you are sampling then you probably do not care and you just wait there twice as long
until you have got a 1000 points and you are back to the original 500 valid ones. What I was trying to do was to put out
a waming that i you do that, if you are losing a lot of data, then that might be happening under a specific circumstance,
and one needs to be aware that that is a possibility. In terms of how you can address that statistical problem I do not
have anything to offer at the moment other than to say we have got to think about that, but you have to get a pretty low
voidage before that is a significant problem.

A.C.Eckbreth, UK
Can I ask you where are you doing this spray cooling? Is this external to the windows or internally?

M.Z.Matteson, US
It would be with a CARS shot on the back end of a nozzle with no quartz windows, and that is the problem, there are no
quartz windows. With quartz windows you could move further up your test item and there would be no problem
because you could shoot through your quartz windows. But say you want a temperature profile of the exhaust gases you
have got to cool down the effluent stream because of the high temperatures you are achieving in the tunnel.

A.C.Eckbreth, US
I see, prior to dumping. What about. say, measuring the effluent stream just upstream of where you are dumping in
water to cool it?

M.Z Matteson, US
Well we might be wanting to cool the test item with some water spray also to lower the temperature. So it is hard to get
around.

A.C.Eckbreth, US
Physically I think in a situation like that you start off with something very inexpensive like an helium neon laser and just
ascertain what the degree of attenuation is. Also, obviously if you are actually getting films of water on lenses or
windows, that distortion is going to destroy feasibility fairly quickly.

J.P.Taran, FR
[ was going to say that perhaps windows are not necessary in your case.

W.A.Strange, US
The comment I would like to make is that the sampling rates we are talking about, 10, 20 or maybe 30 Hertz, are really
not acceptable to a real experiment, especially in view of the fact that a lot of people are doing simultaneous
measurements of a lot of parameters such as temperature, pressure, particle size and velocity and so on and so forth.
For example  am an L.D.A. user and a data rate of 10, 20 or even 200 is very much unacceptable in any type of real
situation because you get truly different and inadequate answers in the velocities and turbulences and so on and so
forth. So with CARS we are a long way away from a real instrument that is useful to engineering. The other thing I want
to say is that it seemed that the CARS technique had an inherent characteristic of broadening the temperature that you
measure from what | gather. In a real application like in a turbojet combuster where you have dilution jets and you have
tremendous mixing and high turbulence, you then really do not know what type of temperature fluctuations you have.
That knowledge is a very important aspect to the model requirement and is equally what we are looking for.

J.P.Taran, FR
Shall we fight back?

e ammaan A
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A.C.Eckbreth, US

1 am not going to fight back. I think they are very valid comments. The one thing I would say is perhaps in contrasting
CARS with LDV. When we are running at 20 or 30 Hertz in CARS, we know when we are making a measurement and
obviously we are statistically sampling the medium. I think in an LDV situation you are waiting for a particle to trigger
when you get signal. For very low data rates in LDV of say 20 or 50 Hertz, you are waiting for particles. Maybe there is
a greater chance that you are conditionally sampling the flow and maybe the LDV situation at low data rates is a lot
worse than the CARS situation at low data rates because there may be greater danger for you to conditionaily sample.
In terms of the fluctuations, as Doug has mentioned, there are several approaches in the literature. Because of the very
large signal change which accompanies a large fluctuation in temperature then, when you get into these situations, to
keep the data rate up you have to split the beam and go through varying amounts of attenuation so that you are putting
the same spectrum on the optical multi channel detector but with different degrees of attenuation. At least one of those
spectra is always within some linear range so that the last problem you threw out is in principle soluble and there are
people making measurements with every pulse despite the temperature fluctuations which are occurring.

D.A.Greenhaigh, UK

1 think there is an interesting piece of work by Larry Goss in which he initially took some CARS measurements under
conditions where CARS gives, if | can use this term, “a true average”. It is a fairly slow data rate but it fires at a
predetermined point which is very different to LDA where you are waiting for the particle to arrive anu probably the
measurements you are going to make are Favre averaged. What Larry then did was to make some temperature
measurements where he conditionally sampled the field for temperature following the arrival of an LDA particle. He
found that he indeed got a temperature shift which was more appropriate for the Favre average expectation of the
temperature. So I think you have to be careful about how you address the statistical problems. I think the other
comment [ would make is that LDA is a technique which has its own set of biasing problems which are alt pretty well
documented and known. In my judgement there does not seem to be a particular stand point where you would say that
CARS is definitely the worse technique in terms of its liabilities. In response to your last point, the temperature
broadening that we have seen is inherently instant. The one thing that has amazed us is how small it is compared to the
actual flow fluctuations you see, which are abolutely giant by comparison.
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TECHNICAL EVALUATION REPORT
SESSION II — LASER ANEMOMETRY

by

A.Boutier
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BP 72
92322 Chatillon Cedex
France

RESUME

La session || avait pour objectif de traiter les problémes de mesures de vitesses par vélocimétrie
laser dans les turbomachines. Les meilleurs spécialistes mondiaux dans ce domaine étaient réunis et
leurs exposés {(ainsi que les discussions qui ont suivi) ont permis de faire le point des possibilités
techniques actuelles des appareillages utilisés.

Les conclusions essentielles sont les suivantes :
les turbomachines constituent un environnement hostile pour 1'application de la vélocimétrie laser :
accés optique limité au travers de petits hublot plans (ou courbes, d'ol des problémes de propagation
des rayons lumineux) et par la géométrie parfois complexe d'aubes vrillées ;
les deux montages optiques de vélocimétrie laser (4 franges : LDA, LDV ; deux points : LTA, L2F) doi-
vent dtre considérés comme complémentaires ; les vélocimétres 4 franges analysent trés bien des écou-
lements tridimensionnels trés turbulents, mais loin des parois que les faisceaux laser heurtent
normalement et nécessitent de larges accds optiques. Les vélocimdtres deux points ont un seilleur
rapport signal sur bruit en présence de forte lumiére parasite et mesurent des vitesses trés prés des
parois, mais dans des écoulements dont le taux de turbulence n'excéde guére 10 & ;
les particules servant de traceurs de l'écoulement doivent &tre générées d'une manidre abondante,
avec une granulométrie submicronique, loin en amont du point de mesure pour mini tr les perturba-
tions de la canne d'ensemencement. D'une maniére générale, les aérosols effectivement utilisés dans
le volume de mesure sont mal connus et leur génération reste empirique et constitue un cas d'espéce
pour chaque application ;
l'utilisation de calculateurs performants et travaillant en teaps réel est fondamentale pour réduire
les temps d'essais et diagnostiquer tout probléme de mesure. Une représentation graphique soignée des
résultats (éventuellement en perspective) est trés importante pour bienm comprendre et interpréter les
phénoménes complexes existant dans des machines tournantes, surtout celles 3 multi-étages.

Pour le futur, méme si la vélocimétrie deux points est bien adaptée et bien que son extension 4 la
mesure non simultanée de trois composantes soit en cours de développement, les troig sujets suivants
semblent devoir mériter des efforts de recherches importants :

o 1'ensemencement des écoulements (propriétés de diffusion des aérosols, mode de génération, calibra-
tion, stc...) ;

e l'utilisation de fibres optiques (pour rendre les systémes plus compacts auprés des machines) ;

e le traitement du signal en vélocimétrie A franges par une analyse spectrale des signaux numérisés en
sortie des photomultiplicateurs : cette technique doit conduire & un rapport signal sur bruit équiva-
lent & celui d'un vélocimétre deux points prés d'une paroi, mais avec tous les avantages de la vélo-
cimétrie & franges pour sonder les écoulements turbulents.

1.  INTRODUCTION

Ce rapport essaye de dégager les idées importantes, parfois nouvelles, de chaque exposé, afin que
le lecteur puisse accéder plus rapidement & 1'information précise qu'il recherche.

Certains textes sont plus orientés vers la vélocimétrie & franges, &'autres vers la vélocimétrie &
barriéres optiques (2 points, 2 traits) ; mais la comparaison des mérites respectifs des deux techni-
ques est donnée selon différents sespects dans plusieurs papiers. Il en est de méme pour 1'snsemencesment
de 1'écoulement, pour lequel des idées sont i prendre dans chaque communication, en plus de 1'exposé
général de A. Melling.

Aprés cette analyse texte par texte, les conclusions essentielles sont rassemblées et des recom-
sandations pour des recherches futures sont exprimées.

2. INFORMATIONS IMPORTANTES CONTENUES DANS LES DIFFERERNTS PAPIRRS

2.1 Papier n° - Laser fringe anemometry for aero engine components
A. Strazisar - NASA Lewis (USA)

-~ Un bdref rappel de principe de la vélocimétrie & franges est donné : mesure d'une composante,
puis de deux, quelques wontages tridimensionnels (simultanés ou non). Les formules donnant le degré de
confiance dans les valeurs moyennes de vitesse et de taux de turbulence permettent d'estimer le nombre
de mesures nécessaires pour obtenir une précision voulus.

- De nouveaux types de vélocimétres A barridres optiques, remédiant A& la faible cadence d'acquisi-
tion de données des vélocimdtres 2 points (surtout em écoulement turbulent) sont cités en références 8
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et 18 (travaux ONERA et NASA Lewis sur des vélocimétres 2 traits ou 2 traits dédoublés).

- La quantité de particules né aires & une cad d'acquisition élevée est calculée st montre
la né ité d'un t local en amont du volume de mesure ; 1'intérdt des particules fluores-
centes {Rhodamine 6G dans de 1'alcool) utilisées en liaison avec un vélocimétre 4 franges est expliqué.

- Les différentes causes de difficultés de mesure dans les turbomachines (et éventuellement leurs
renéddes) sont décrites : lumiére parasite due & des parois proches du volume de pesure, géométrie com-
plexe d'aubes vrillées, glaces de veine plates (mais de petites dimensions) ou courbes (mais déplace-
ment du volume de mesure et modification de sa géomdétrie théorique). Des références sont données sur
des travaux en cours étudiant le trajet des rayons lumineux & travers des hublots de torse complexe et
les systémes compensateurs envisagés (Ref. 20 et 21). Des méthodes pour nettoyer les hublots sans arré-
ter la machine sont indiquées.

- Une étude détaillée des différentes maniéres d'acquérir et de traiter les mesures de vitesss, au
niveau d‘un rotor muni de N aubes, avec un volume de mesure fixe, est fournie ; selon les possibilités
du calculateur, certaines informations sont perdues : une hiérarchie est méme établie. La meilleure fa-
con de procéder consiste 4 dater tous les événements et 4 les replacer a posteriori selom leur date &
la position ol ils ont été acquis relativement aux aubes. Néanmoins un contrdle en temps réel du nombre
de wmesures acquises non seulesment globalement, mais par classes, est important pour éviter un manque
total 4'informations 4 certains endroits de la rous.

La représentation graphique tridimensionnelle des résultats aide i la compréhension des phénomédnes me-
surés : certains diagrammes sont ainsi présentés, mais beaucoup d'efforts doivent étre effectués dans
ce domaine.

- Des mesures de turbulence plus fines devront étre mises en oeuvre & 1'avenir pour séparer les
fluctuations aléatcires de vitesse des structures cohérentes. D'autre part, le développement de métho-
des optiques permettant de corréler vitesse, densité, pression ou température est vivement soubaité.

2.2 Papier n°7? - Laser two-focus velocimetry
R. Schodl - DFVLR (Allemagne)

- De longs développements mathématiques ont pour but de justifier un traitement des données plus
rapide et plus sisple pour obtenir la vitesse moyenne ; mais avec cette procédure, les informations sur
la turbulence sont tronquées.

- Il est clairement mis en évidence qu‘'un vélocimétre 2 points est limité & 1'étude d'écoulements
de turbulence locale intérieure & 10 % car la probabilité de mesure décroit trés rapidement ; la réduc-
tion de l'intervalle entre les 2 points permet de mesurer des taux de turbulence plus élevés (15 &
20 8) mais au détriment d'une aggravation de 1'incertitude de mesure.

- La distance minimale d‘une paroi pour obtenir des mesures varie entre 0,1 et 1 aa {(ou plus), es-
sentiellement en fonction des possibilités d'ensemencement (et aussi du taux de turbulence).

-~ Un vélocimétre 2 points capable de mesurer la coaposante de vitesse selon la direction de propa-
gation des faisceaux laser est clairement décrit ; ce vélocimétre tridimensionnel n'effectue en aucun
cas des mesures simultanées ; sa précision de mesure, ainsi que 1l'exploitation des résultats en vue de
mesures de turbulence, demandent encore de longues études.

- Une étude comparative vélocimetre A& franges-vélocimétre 2 points est présentée en se basant sur
la géométrie des volumes de nmesure respectifs des 2 types de vélocimétres ; les résultats essentiels
sont :

e les plus petites particules détectables en rétrodiffusion avec un vélocisdtre 2 points sont de

0.15 pa environ. Ces résultats ne doivent toutefois étre considérés que comse des ordres de
grandeur car la taille minimale détectable dépend énoraément des caractéristiques de 1'optique
réceptrice, y compris le photomultiplicateur et le systéme de traitement du signal ;

o avec le méme t, la cad d'acquisition d'un vélocimétre 4 franges atteint 10 kHx

contre 500 Hz seulement en moyenne pour un vélociadtre 2 points.

- En rétérence 73 est décrit un vélocimdtre 2 points, chaque point étant dédoublé avec des polari-
sations orthogonales : cette disposition optique améliore la précision avec laquelle est estimé le ma-
ximum de chaque impulsion due au passage d‘'une particule dans un point.

2.3 Papier n® 8 - Seeding gas flows for laser anemometry. A. Melling, Cranfield Institute of Techno-
logy (Angleterre)

~ Les lois du mouvement et du trainage des particules sont rappelées.

- Une revue des différents modes de génération des aérosols est fournie : atomiseurs d'huiles. cy-
clones, lits fluidisés et autres pour particules solides.

Les particules liquides sont généralement sphériques, ce qui n'est absolument pas le cas des particules
solides qui se présentent sous forme d'agglomérats polydispersés.

- La mesure de la taille des particules reste un probléme difficile ; les différentes méthodes
couramment eaployées sont décrites : microphotographie aprés prélévement, réponse & un choc, diffrac-
tion, diffusion de Mie, absorption ; mesure de 1a visibilité des franges : mesure de déphasages de si-
gnaux Doppler recueillis selon ditférentes directions d4'observation.

Le résuitat des mesures est toujours la corrélation de la distribution réelle par la probabilité de
pouvoir détecter une taille donnée par 1'appareillage ; il reste toujours trés délicat de qualifier des
aérosols submicroniques.
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2.4 Papier n° 9 - Comment choisir un vélocimétre laser pour une application donnée ? A. Boutier, ONERA

(France)

- Le rappel de principe des 4 configurations optiques possibles pour des vélocimétres interféren-
tiels conduit, aprés analyse des inconvénients des nombreux montages optiques possibles pour un véloci-
métre Dbi- ou tri-dimensionnel, 4 la description du vélocimétre tridimensionnel A trois couleurs opéra-
tionnel en soufflerie.

- Une étude détaillée sur les sources d'imprécision dans les mesures avec un vélocimére tridimen-
sionnel méne aux conclusions suivantes :

e 1'étalonnage précis et rapide avec un théodolite informatisé donne en une 1/2 heure les inter-
franges des 3 composantes A4 1 ¥ prés et la matrice de p des P tes mesurées & un ré-
férentiel 1ié¢ 4 la soufflerie, ainsi que divers angles utilesid 1'expérimentateur avec une préci-
sion de 0,1° ;
les angles entre composantes mesurées doivent étre les plus grands possibles (voisins de 90° et
au wmoins 60°) afin de minimiser 1l'incertitude sur la vitesse moyenne (1l'emploi de mélangeurs
électroniques étant peu r dé car né itant des filtrages) et surtout afin de réduire
1'importance de "particules virtuelles" dans la détermination du tenseur de Reynolds ;
pour obtenir des aérosols submicroniques, il est recommandé de vaporiser des huiles diluées dans
des solvants (alcool, trichloréthyléne) et surtout des billes de latex calibrées. Vers les hau-
tes températures (2700 X maximum), une poudre de iro, fournit une granulométrie polydispersée
inférieure & 1 pa, alors qu‘lltoa donne systématiquement des agglomérats de 2 ou 3 pa.

- L'utilisation de fibres optiques en vélocimétrie laser est en plein essor. Actuellement existent
des tétes optiques de vélocimétres i franges monodimensionnels de la grandeur d'un crayon, mais visant
4 50 mm en rétrodiffusion axiale et n'admettant que des puissances laser limitées (1 W environ).

- Une étude comparative du rapport signal sur bruit lors de 1'approche de parois a été menée sur 3
configurations optiques de vélocimétre laser : franges, 2 points, 2 traits ; le vélocimétre 2 traits
apparait comme une solution de compromis.

- Un tableau synoptique des capacités essentielles dea différents types de vélocimdtres laser per-
met de choisir le vélocimétre le plus approprié au besoin expérimental.

- Beaucoup d'espoir doit étre fondé sur le traitement du signal par analyse spectrale des signaux
numérisés en sortie du photomultiplicateur, car cela donne une valeur du rapport signal sur bruit voi-
sine de celle d'un vélocimétre 2 points, tout en gardant les possibilités de mesure en écoulement trés
turbulent (zones de recirculation, etc...) d'un vélocimétre A franges.

2.5 Papier n° 10 - Application of Doppler and transit laser anemometry in small turbomachines. R.L.
Elder, C.P. Forster, M.E. Gill - Cranfield Institute of Technology (Angleterre)

- Des mesures ont été effectuées dans des compresseurs axiaux et centrifuges avec un matériel
Malvern, essentiellement utilisé dans sa version vélocimétre A franges, avec traitement 4u signal par
corrélateur de photons. Les écoulements analysés sont particulidrement instables.

- Le corrélateur de photons actuel est assez mal adapté pour mesurer des vitesses élevées.

- Pour les températures inférieures & 200°C des aérosols A base d'huile conviennent comme tra-
ceurs ; A température plus élevée, Tio' initialement sous forme d'une poudre de 0,2 pn, s'agglomére car
naturellement hygroscopique.

- Les hublots étaient démontés toutes les 40 minutes ; il ne faut pas déposer sur les hublots’ des
couches anti-reflets car elles se dégradent trés rapidement et diffusent les faisceaux laser. Une honne
solution consiste 3 déposer un film d’huile au début des essais pour éviter le dépdt de gouttes d'huile
individuelles perturbant les faisceaux laser.

- La validité des résultats est assuréde en effectuant des comparaisons avec d'autres mesures, no-
tamment en prenant comme critére le débit massique : méme si certains écarts apparaissent, ces compa-
raisons donnent confiance dans les mesures.

2.6 Papier n° 11 - Laser velocimetry study of stator-rotor interactions in a multi-stage gas turbine
compressor. M.C. Williams - Pratt and Whitney (USA)

- Un vélocimdtre A franges monodimensionnel (bjientSt transformé en bidimensionnel), fomctiomnant
en rétrodiffusion axiale, a été mis en oeuvre avec succés sur un compresseur sulti-étages aux niveaux
suivants : 6dme stator-Téme rotor, 9éme stator-10dme rotor (surtout’ et 134me stator-ldéme rotor. La
particularité du vélocimédtre est d'avoir bien isolé la partie réception de tous les reflets parasites
possibles dus & la partie émission, et de travailler avec une trés grande ouverture : diamétre de 80 mm
de 1l'optique collectrice, avec une occultation centrale de 54 mm et une distance de visée de 183 ma.
Des mesures ont été faites sur des particules d'huile jusqu'd 1,5 mm du moyeu; les composantes sont me-—
surées & + et - 28° par rapport A la direction principale de 1'écoulement, sans cellules de Bragg ; cet
angle inférieur 4 45° a été choisi pour diminuer les risques de biais angulaire.

- 8i le DOP donne de bonnes particules au niveau 9éme stator-i0éme rotor, il n'en est plus de méme
au niveau lléme stator-lédme rotor, car les température et pression y sont plus élevées. Un mélange de
DOP et de z:o, ne s'est guére avéré satisfaisant ; de plus le hublot se salit trés vite.

- L'acquisition de données est beaucoup plus rapide qu'avec up vélocimétre 2 points : une dizaine
de minutes contre 2 h pour la séme accumulation 4'informations.
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- La représentation des histograsmes de vitesse pour une position angulaire de la roue peut mettre
en évidence des oscillations périodiques quand l'histograsme est bi-modsl.

- Une analyse spectrale par transformée de Fourier des fluctuations du module et de l'angle de la
vitesse avec la position angulaire par rapport & la machine montre que plusieurs rotors contribuent aux
flucutations enregistrées localement. A partir de cette idée, des trait s de donndes plus éladorés
sont proposés, qui conduisent & une meilleure compréhension de 1'écoulement dans une machine aussi
complexe.

2.7 Papier n® 12 - Evaluation of L2F measurements in unsteady turbine flow. W. Forster, R. Schodl, H.
Kruse - DFVLR (Allemagne)

Les écoulements sont souvent périodiquement instables dans les turbomachines (argument bien déve-
loppé dans le papier). Le vélocimétre 2 points a donc sondé 1'écoulement entre les aubes du rotor, ain-
si que légérement en amont et en aval.

Pendant tous les essais, & une position radiale et axiale, le volume de mesure est fixe ; pour une
position des aubes du rotor, la mise en oeuvre de la fonction "sulti-fenétres” du systéme d'acquisition
de données du vélocimétre 2 points permet de connaitre 1'évolution du chanp de vitesse entre 2 aubes du
rotor (16 fenétres) ; puis les aubes du stator sont tournées et uns autre série d'essais est reprise (6
positions successives du stator sont ainsi analysées). Ensuite le volume de mesure est déplacé radiale-
ment, puis axialement, & différentes positions, avec toujours la méme procédure &'acquisition de don-
nées. Ces essais permettent de visualiser la déformation des distributions spatiales d'énergie turbulen-
te en fonction du temps dans un canal inter-aube du rotor (fila présenté lors du congrés).

Cette application met Dien en évidence toutes les possibilités de la vélocimétrie 2 points, en
liaison avec un systéme informatique élaboré.

2.8 Papier n°® 13 - Combined fringe and Fabry-Perot laser anemometer for three component velocity aea-
surements in turbine stator cascade facility. R.G. Seasholtz, L.J. Goldman. MASA Lewis (USA)

Un vélocimétre tridimensionnel non simultané a été construit avec, comme objectif, la possibilité
de n'utiliser qu'un petit hublot comme accés optique.

Les composantes axiiles et trangverses sont mesurées successivement avec un vélocimétre & franges
(fonctionnant sur des particules fluorescentes) et la composante radiale est obtenue par analyse spec-
trale avec un Fabry-Pérot des décalages Doppler existant dans la lumiére diffusée par les faisceaux la-
ser du vélocimétre & franges. Toutes les caractéristiques techniques, ainsi que les sources d4'élargis-
sement instrumental sont bien détaillées. Les parois ne peuvent &tre approchées i moins de 3 ma ; il
faut ler les données pendant 20 s environ, avec un fort ensemencement, pour obtenir un résultat
alors que le vélocimdtre & franges les obtient en moins d'une seconde). Des précautions
anti-vibratoires sont nécessaires autour du systéme optique, notamment pour garder une fréquence laser
bien stable.

I1 ne s'agit de mesurer que des vitesses moyennes, avec une précision de l'ordre de 1 & et de 1°
sur l'orientation.

La mesure de faibles vitesses radiales est délicate, car la raie due 4 la rotation du moyeu est
trés intense : la vitesse radiale est obtenue par différence entre les spectres obtenus avec et sans
ensemencenent .

La possibilité d'utiliser un tel moyen d'essai en turbomachine doit dtre retenue (bien que ne per-
mettant pas des acquisitions rapides), mais dans toute autre application bénéficiant d'un accés optique
plus confortable ce n'est sirement pas la méthode optimale.

2.9 Papier n® 14 - Velocity and tesperature measurements in s can-type gas-turbine combustor. A.F.
Bicen, M.V. Heitor, J.H. Whitelaw - Imperial College, Londres (Angletterre)

Dans une chambre de combustion fonctionnant au propane, un vélocimétre laser & franges monodimen-
sionnel (diffusion avant, ensemencement avec des particules d'lllo‘ de 1 pa environ) et un thermocouple
de 40 pm de diamdtre (en Rhodium-platine) ont été mis en osuvre pour connaitre 1'importance du rapport
air-combustible (AFR) sur les cartes de vitesse et température moyennes et les cartes des fluctuations
de ces mdmes quantités.

Une analyse des erreurs statistiques possibles en vélocimétrie laser fait surtout apparaitre la
nécessité de corriger les fluctuations de vitesse du biais de gradient de vitesse moyenne. Les erreurs
sur les mesures de température sont évaludes & 7 X.

L'effet du AFR est faible dans la premiére partie de la chambre de combustion, mais s'sccroit en
aval, Les intensités maximales de turbulence {vitesse ou température) sont de )l'ordre de 1) W.

2.10 Papier n° 15 - The flow arround a squared obstacle. D.F.G. Durao, K.V, Heitor, J.C.F. Pereira.
Instituto Superior Tecnico, Lisbonne (Portugal)
Le papier a été présenté par le prof Wina et n'a fait 1'objet d'aucune question, les auteurs
n'ét *t pas présents.
Les wmesures sont effectudes avec un vélocimétre laser monodimensionnel (source laser He-Ne 15 w¥)
dans un tunnel hydrodynamique (V x 0,68 m/s) avec un systéme de comptage fadriqué A 1'Institut mais
sans avantage particulier par rapport aux compteurs du commerce.
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L'analyse spectrale des fluctuations de vitesre, en aval de 1l'obstacle, fait apparaitre une varia-
tion linéaire de la position de la fréquence principale avec le nosbre de Reynolds (fréquence comprise
entre 4,7 et 0,7 Hz pour des nombres de Reynolds entre 14000 et 2200). Le nombre de Strouhal est par
contre quasi constant et égal & 0,13.

3. comcLusIows

Les turbomachines constituent un environnement hostile pour utiliser la vélocimétrie laser ; les
problémes essentiels proviennent d'un accés optique difficile au point de mesure, 40 & la géométrie de
la machine :

- on ne peut installer que de petits hudblots plams,

-~ sinon, avec des hublots courbes (cylindriques) se pose le probléme du trajet des rayons lumineux (en
cours 4°étude),

- géométrie des aubes vrillées.

De plus, les écoulements étant confinés dans des canaux trés étroits, la lumiére parasite due aux
impacts des faiceaux laser sur les parois (moyeu, aube, hublot) est généralement intense.

Deux techniques de vélocimétrie laser ont été largement décrites, avec leurs avantages et
inconvénients respectifs : la vélocimétrie & franges et la vélocimétrie 2 points. Ces deux techniques
ne doivent pas étre mises en concurrence, mais étre considérées comme complémentaires.

La vélocimétrie 2 points semble actuellement la plus appropriée pour obtenir des mesures prés des
parois que les faisceaux laser heurtent perpendiculairement en raison des propriétés suivantes :
sensibilité A de trés petites particules (jusqu'd 0,2 pa en rétrodiffusion), meilleur rapport signal
sur bruit. Des résultats de mesures trés élaborés sont obtenus notamment au DFVLR grdce i up traitement
du signal optimisé pour accélérer la cadence d'acquisition de données. Enfin, un prototype de
vélocimétre 2 points tridimensionnel est en cours d'étude. Une cartographie compléte d'un canal
interaube dure environ 2 heures. Cette technique de vélocimétre 2 points devient difficilement
applicable dés que 1le taux de turbulence excéde 10 & car la probabilité de mesure diminue et si on
change la géométrie du volume (réduction de la distance entre points) c'est 1l'incertitude de mesure qui
augmente.,

La vélocimétrie A& franges doit donc étre utilisée quand le rapport signal sur bruit en présence de
lumiére parasite le permet, car elle constitue un outil trés performant pour le sondage des écoulements
trés turbulents. En aérodynamique, les trois composantes du vecteur vitesse instantanée sont mesurées
simultanément, mais cela nécessite pour des mesures précises de larges hublots car les angles eatre
composantes mesurées doivent étre grands (d'ol la difficulté de mise en oeuvre en turbomachines). Chez
Pratt et Whitney un vélocimétre monodimensionnel (qui sera bientdt bidimensionnel) est mis en oeuvre
avec succés dans des machines multi-étages (grice i up montage optique particulier). A NASA Lewis, des
particules fluorescentes sont utilisées pour s'atfranchir de la lumidre parasite due aux parois (mesure
monodimensionnelle) ; il y a été construit aussi un vélocimétre tridimensionnel : il mesure
successivement les composantes axiale et tangentielle par un vélocimétre & franges et la vitesse
radiale est obtenue par analyse spectrale avec un Fabry-Pérot de la lumiére diffusée par les faisceaux
laser du vélocimétres A franges ; cette technique ne permet pas d'approcher les parois & moins de 3 mn
et nécessite un fort ensemencement, ainsi que des précautions antivibratoires.

I1 est important de souligner les deux points suivants apparus lors des conférences et des
discussions :

- nécessité d'un traitement de données en temps réel et de représentations graphiques élaborées
(visualisation des ré~ultats en perspective tridimensionnelle) pour bien comprendre et interpréter les
résultats,

- importance de 1'ensemencement en particules "connues” ; généralement ce sont des huiles ou des
particules réfractaires qui sont utilisées comme traceurs de 1'écoulement. A 1'ensemencement de
1'écoulement est 1ié 1le probléme de nettoyage des hublots (parfois automatique, mais technique non
généralisadble).

4.  RECOMMANDATIONS POUR L'AVENIR
Trois axes de recherches importants doivent &tre, particulidrement soutenus :

- Amélioration de 1'ensemencement et de la connaissance de la granulormétrie des aérosols utilisés au
J nivesu méme du volume de mesure 4u vélocimétre. Une solution proposée consiste 4 essayer de généraliser

]
!
4
!
1
!
|
("t
f

1'emploi de Dilles de latex calibrées ; les difficultés actuslles proviennent de leur mode de
génération et de leur codt.

~ Utilisation de fidres optiques pour ainisturiser les équipements proches de la machine.

~ Développement de nouvelles techniques de traitement du signal en vélocimétrie A franges (numérisation
du signal issu du photosultiplicateur, puis traitement par analyse spectrale numérique dans le
calculateur) qui doivent théoriquement conduire 4 un rapport signal sur bruit équivalent & celui des
vélocindtres 2 points prés des parois, mais avec tous les avantages de la vélocimétrie & franges en
écoulenent turbulent.
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LASER FRINGE ANEMOMETRY FOR AERQ ENGINE COMPONENTS

Anthony J. Strazisar
National Aeronautics and Space Administration
Lewts Research Center

> Cleveland, Ohio 44135
———————

ABSTRACT

c{lnus in flow measurement techniques in turbomachinery continue to be paced by the need to obtain
detailed data for use in validating numerical predictions of the flowfteld and for use in the development
of empirical models for those flow features which cannot be readily modelled numerically. --The use of
laser anemometry in turbomachinery research has grown dver the last 14 yr in response to these needs.
Based on past applications and current developments, ;thts paper reviews the key i1ssues which are involved
when considering the application of laser anemometry the measurement of turbomachinery flowfields.
Aspects of laser fringe anemometer optical design which are applicable to turbomachinery research are
briefly reviewed. Application problems which are common to both laser fringe anemometry (LFA) and laser
transit anemometry (LTA) such as seed particle injection, optical access to the flowfield, and measurement
of rotor rotational position are covered. The efficiency of various data acquisttion schemes 1s analyzed
and issues related to data integrity and error estimation are addressed. Real-time data analysis tech-
niques atmed at capturing flow physics In rea) time are discussed.  Finally, data reduction and analysis
techniques are,discussed and Y1lustrated using examples taken from several L " turbomachinery
applications. % EEN

B
INTRODUCTION

The first application of laser anemometry to the measurement of turbomachinery flow fields was
reported by Wisler and Mosey In 1972 (Ref. 1). In the following 14 yr the quality and quantity of data
generated by laser anemometer applications in turbomachinery has continued to increase due to advances in
optics, electronics, and computer hardware. This data has been used to improve our understanding of the
flow physical phenomena in turbomachinery and to validate numerical flow analysis schemes.

Until recent years laser anemometer investigations in turbomachinery have dealt with isolated rotors
since flow analysts techniques have until recently been confined to the steady, axisymmetric flow regime
which exists in the rotor relative reference frame for isolated rotor configurations. However, several
recent experiments have involved the use of laser anemometry in studies of the periodically unsteady flow
within the blade rows in single stage machines and between the blade rows in multistage machines.

The application of laser fringe anemometry to measurements in turbomachinery environments is reviewed
in this paper. Example results are limited to axial-flow type compressor blading since most laser fringe
anemometer experiments have involved flow surveys in fans and compressors rather than turbines. Although
radial-type turbomachinery has been surveyed using laser anemometry, the majority of these applications
have involved laser transit anemometry due to the generally superior ability of the LTA to make measure-
ments in the narrow exit channels of centrifugal Impellers. A recent review of published results obtained
in centrifugal compressors has been given by Krain (Ref. 2). Additional LTA applications wil) be covered
in detatl in this symposium by Schodl and Elder (Refs. 3 and 4).

FUNDAMENTALS OF LASER FRINGE ANEMOMETRY
Basic Operating Principles

The operating principles of laser fringe anemometers will be briefly reviewed below. In an LFA the
laser output beam 1s divided into two equal power beams which are focussed to a common point in space
which is referred to as the measurement or probe volume. The crossing of the beams in the probe volume
results in constructive and destructive interference between the train of laser 1ight waves contained in
each beam. This interference creates bright planes of 11ght created by constructive interference sepa-
rated by dark planes caused by destructive interference as shown in Fig. 1. The fringe planes are per-
pendicular to the piane which contains the laser beams and are paraliel to the beam bisector. As shown
in Fig. 1 the spacing between bright fringe planes ¥s s = A/(2 sin K). A particle which crosses the
probe volume scatters 1ight at the fringe crossing frequency, f.. WNote that the fringe crossing fre-
quency ts determined solely by the component of particle velocity Uy, which is perpendicutar to the
fringe planes. The Uy and U; components carry the particle parallel to the fringe planes and do
not therefore contribute to the fringe crossing frequency. Also note that while a rotation of the plane
containing the laser beams about the beam bisector can be used to measure velocity components in direc-
tions between the «x- and y-direction, the line of sight velocity component U, cannot be measured.

Figure 1 11Tustrates three features which make laser anemometry (or LA) attractive compared to other
velocity measurement techniques:

(l% T:‘: system output, 1.e., the doppler or fringe-crossing frequency, is linearly related to the
velocity

(2) The technique 1s not subject to drift since the proportionality between f. and Uy 1s
g:von by the laser 11ght wavelength, 1, and beam crossing angle, K, both of which are constant in
time

(3) The technique s only sensitive to one component of velocity
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Since each of the incident laser beams is circular in cross-section, the actual probe volume shape
Ys an ellipsoid as shown in Fig. 2. The 11ght intensity distribution across each beam s Gaussian in
shape. The beam diameter, d;z. defined as the diameter at which the intensity is 1/e2 of the peak
intensity at the center of the beam, is typically used as a measure of the beam diameter. Using this
definition of beam diameter, the probe volume dilameter, dy, and length g defined by the 1/e¢ inten-
sity level can be calculated as shown in Fig. 2. Note that the ratio of probe volume length-to-diameter
is given by L/d « 1/tan(K). Since the beam crossing angle K s usually between 2 and 10°, the value
of L/d 1s on the order of 10 to 20.

Another feature of Gaussian laser beams which impacts laser anemometer optical performance 1s that
of beam divergence which is 11lustrated in Fig. 3. The two important properties of the beam geometry
shown in this figure are:

(1) the laser 11ght wave front radius R(Z) is infinite only at the location of the beam waist, z = 0

(2) the output beam waist diameter dg? 1s related to the input beam waist diameter 052
through the formula dgl « 4af/«Dg2.

The first beam divergence property implies that the probe volume fringes will not be parallel to one
another unless the incident laser beams cross at the beam waist. If the fringe planes are not parallel,
false levels of flow fluctuation will be indicated since particles of equal velocity which pass through
different parts of the probe volume will generate different fringe crossing frequencies due to the varia-
tion in fringe spacing across the probe volume. A laser light collimator or mode matching lenses (see
Ref. 5) can be used to insure that the beam waist will be located at the probe volume location.

The second beam divergence property shown in Fig. 3 implies that the probe volume size can be con-
trolled through control of the_incident laser beam diameter 03<. Beam expanders can be used to
Increase the beam diameter Dz2, which in turn reduces the beam diameter at the probe volume, dg2.
From the relations shown in Figs. 2 and 3 we see that expanding the beam diameter 052 while holding
the beam separation d constant results in a reduction in probe volume size and in the number of fringes
in the probe volume. This resuylts in an increase in the power density in each fringe. This in turn will
result 1n more photons being scattered from a given particle size or in the ability to generate the same
number of scattered photons from smaller size particles.

Optical Design Considerations

The successful design of an LA optical system represents a trade-off between several conflicting
factors. This issue can best be addressed by considering an 11llustrative example.

The minimum variance which one may expect in a single velocity measurement has been shown in Ref. &
to be

3.3
2.8 _he o VM
] V;n.\.ds.ﬂ p2 "2 . ]g
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velocity of light

Planck's constant

number of fringes

laser power

veloctty

probe volume radius

PHT quantum efficiency

background 1ight flux

particle light-scattering cross-section
solid angle of collection optics
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This relation indicates that the measurement accuracy is enhanced by:
(1) reducing flare Yight and probe volume size

(2) increasing the collection optics solid angle, the laser power, and the number of fringes in the
probe volume.

Flare 1ight can be reduced by using antireflective coatings on window surfaces and by optically mask-
ing the collection optics. The solid angle of the collection optics can be increased by using large aper-
ture (1.¢ , small f-number) lenses. However, the lens diameter and price increase for a given focal
Tength as Lhe f-number decreases and lens imperfections become harder to correct.

The probe volume size can be reduced by increasing Dz2 while the number of fringes in the
probe volume can be increased by increasing the beam cross?nq angle K. However, one may reach a point 4
at which there are not enough fringes in the probe volume or the fringe spacing is too small. Referring i
to Fig. 2, consider the following example: d = 22 mm, 052 a1 wm, f » 200 mm. These parameters
yleld a probe volume diameter of dy » 131 wm contalining 23 fringes with a fringe spacing of S « 4.68 wm.
Commercially available counter-type signal processors can accurately measure fringe crossing frequencies .
up to 100 Mhz, but start to yleld less accurate results for higher frequencies. The velocity which corre- :
sponds to a fringe crossing frequency of f. = 100 Mhz is therefore a relevant parameter to consider and !
1s equal to V = f..S = 468 M/sec for the present case. Increasing the input beam diameter 03 by a :
factor of 2 would reduce the probe volume diameter to 65 ym but would also reduce the number og fringes in
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the probe volume to 14. This is close to the eight fringes required by most counters and can lead to
angle blassing errors Vf Bragg shifting is not used. The number of fringes in the probe volume could be
increased back to the original value of 28 by doubling the input beam spacing, d. However, this would
change the fringe spacing to S = 2.35 um and would decrease the velocity which corresponds to a fringe
crossing frequency of 100 Mhz to V = 235 M/sec.

Measurement of Multiple Velocity Components

There are many optical configurattons which can be constructed for measuring one, two, and three
velocity components simultaneously. Reference 7 contains a rather complete description of several one-,
two-, and three-component configurations as wel) as a comparison of the relative merits of the vartous
canfigurations. This issue wil) be further addressed in this symposium by Boutter (Ref. 8) and will
therefore be only briefly addressed below.

In turbomachinery flowfields the streamdise and circumferential components of velocity V¥, and
Vg respectively, are ysually much larger in magnitude than the velocity component tn the hub-to-shroud
direction, V.. In addition, the radial velocity component generally lies along the optical axis of the LA
system and therefore cannot be measured directly. Most LA applications to date have therefore been aimed
at measuring the Vv, and Vg velocity components. Increasing emphasts on secondary flow studies is
currently generating applications which require measurement of the Vp velocity component as well.

The stmplest method of measuring velocity magnitude and flow angle is to acquire measurements with a
one-component LA system at two different fringe orientations. Use of a one-component LA system results
in two limitations. First, the statistical error in velocity, V, and flow angle, o, measured with a
single-component system 1s greater than that resulting from a two-component system aj will be described
in the next section. Second, the magnitude of the turbulence components V, and Vg can only be
determined f measurements are taken in the 2- and 6-coordinate directions or If measurements are made at
three gifferent fringe orientations. If measurements are acquired at two arbitrary fringe orientations,
one can only determine upper bounds on V; and Vg. Despite these 1imitations single channel LA sys-
tems have been used extensively in turbomachinery applications. The advantages of a single channel system
are its simplicity and the fact that the available laser power is concentrated 1nto a single fringe
system.

Two-component LA systems can be implemented by using two colors to create two separate measurement
channels. Measurement channels can also be generated by using polarization separation or by using two
Bragg cells to achieve frequency separation. If signal processor logic s used to accept only those
events for which a velocity measurement is simultaneoysly made on both channels, the statistical error in
calculating Vv and a 1s reduced relative to the errar obtalgeq when using a single-component LA system
and the magnitude of the turbulence components V,, Vg. and V;Vg will be directly measured.

Three-component LA systems can be implemented by using three colors or two colors plus frequency sep-
aration to create three measurement channels. These systems are quite complex. The acturacy with which
such systems measure the radia) velocity component ts directly related to the off-radia) beam separation
angle. These systems have transmitted beams which occupy a large solid angle and which therefore regquire
relatively large windows for optical access to the flowfield. In addition, the complex blade geometry
found in most turbomachines may prevent such systems from having optical access to large areas of the
flowfield.

1t should be noted that one does not have to resort to a three-component LA system in order to obtain
measurements of the radla) velocity component. A technigue in which the beams from a8 single channel LA
system are deflected from the radial direction is described in Ref. 9. This technique uses measurements
obtained from two off-radtal beam orientations to calculate the radial velocity component. As will be
shown in the following section, the statistical error in the radial velocity component, Vp, measured by
this method will be greater than if V. were measured directly since this technique utilizes measyre-
ments made at two different times.

A second approach to the measurement of radial velocities 1s reported in Ref. 10. This approach
utilizes the window configuration shown in Fig. 4 to enable direct direct measurement of the radial veloc-
ity component when using the window labelled P'. While this approach does not require off-radial deflec-
tion of the transmitted beams, 1t can only be used in regions which are upstream and downstream of the
blade row.

A third approach, which can be used to obtain radfal velocity component measurements within a blade
row, is Vllustrated in the right half of Fig. 5. The transmitted beams enter the flowpath at the blade
stagger angle through an optical access hole located upstream of the blade row. Scattered Yight is col)-
lected th an off-axts direction through a window located over the blade row. This optical arrangement
provides measurements of V. and a combination of V, and Vg. The separat. Vv, and Vg compo-
nents are determined using the conventional approach shown on gho Jeft 1n Fig. 5. This approach is appli-
cabie only to 2 single stage machine with no Inlet guide vane. Application of this approach to multistage
r;::::no:dwuid require the use of fiber optics to introduce the transmitted laser beams into the

1eld.

Statistical Measurements Errors

In order to determine accyrate estimates of the mean velocity and the turbulence properties of a
flow, many individual LA measurements wust be acquired and averaged together. The mean and standard devi-
ation estimated from the data are subject to both systematic and statistica) uncertainty. An analysis of
these uncertainttes is given in Refs. 11 and 12. As shown in Ref. 11, the number of measurements required
to establish a given level of confidence in the mean velocity s given by
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where ¥ 1s the true mean velocity, Vy 1s the measured mean velocity, (V'/V) is the true turbulence
intensity, Z s the confidence leve), and N 1s the number of measurements used to calculate Vg, A
value of 2 = 1.97 corresponds to a 95 percent probability that the measured mean velocity lies within the
range V(1 - Cy) < Vgy < V(1 + Cy). The expression for the confidence level for the rms velocity estimate
is

vy - v "

Ve

where V' s the true rms velocity and Vg s the measured value. Note that the confidence intervals

are inversely proportional to y/N. One therefore has to increase the number of measurements by a factor of
four in order to halve the confidence interval. Also, note that C, 14s proportional to the turbulence
intensity, V'/V, while C, 1s independent of V'/v. Since V'/V 1is typically on the order of 0.1 or
less, a3 given number of measurements always ylelds a much better estimate of the mean than of the rms
velocity. These facts are 11lustrated in Table I which shows the number of measurements required to
establtsh a confidence level of 95 percent for vartous values of V'/V.

An important point addressed in Refs. 11 and 12 is that the statistical error in calculating velocity
components Increases when using uncorrelated data acquired at different fringe orlentations. Data is
uncorrelated in a multichannel LA system 1f signal processor logic 1s not used to enforce simultaneity of
measurements from each channel. Uncorrelated data always occurs when using a single channel LA system to
acquire data at multiple fringe orientations. The magnitude of the increased statistical error can be
11lustrated by considering how a single channel LA system s used to determine orthogonal velocity
components.

Figure 6 11lustrates the calculation procedure by which velocity and flow angle are obtained with a
single channel system. Measurement directions 1 and 2 shown in the figure are the directions normal to
the probe volume fringes. Measured velocities V; and V,, acquired at the known angles o) and e,
are used to solve for the unknown velocity magnitude, V, and flow angle a. Orthogonal velocity compo-
nents V, and V, can then be determined from Vv and a. The analysis of Ref. 11 indicates that the
confidence levels in V, and V, are given by the expressions

1 ¥ ¥
u u ‘ﬁ; © v Cy = My v

M, and M, are multipliers which indicate the increase in statistical error over the case in which V)
and Vp are acquired simultaneously, t.e., M) = My = 1 when Vi and V, are acquired simultaneously.
If we assume isotropic turbulence, the expressions for M, and M, 1in terms of the geometry of Fig. 5 are

il

/2 1/2
sinz 01 + s\n2 ] cosz 8 + cosz 0,
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Figure 7 1s a plot of these multipliers as a functton of the mean fringe orientation angle and the magni-
tude of the fringe angle difference, 63 - ©). These results indicate, for example, that for the case of
8 = 10°, @7 = 70°, the statistical errors in determining Vv, and V, are increased by factors of 1.217
and 1.449, respectively when using data which is not simultaneously acquired. The impact of this
increased statistical error must be weighed against the increased system complexity when deciding whether
to use a single or multichannel LA system in a given application.

Seed Particle Considerations

The tradeoffs between seeding the entire flowfield or using a point source of seed are briefly dis-
cussed below. In addition, the properties of a unique fluorescent seed material are described. General
methods used to generate and size particles and considerations related to the particle size required to
acc:rately ;ollou the fluctuations in a given flowfield will be addressed in detafl tn this sympostum by
Melling (Ref. 13).

when performing laser fringe anemometer measurements in a gas 4t is usually necessary to introduce
seed particles into the flowfield for two reasons. First, the number of particles which are naturally
present in atmospheric air in the 0.5 to 1.0 um range is generally not sufficient to yield adequate data
rates. Second, by generating and injecting seed particles into the flow one can control the size distri-
bution of the scattering particles and can therefore control to some degree the accuracy with which the
seed particles follow the Flow.

When designing an LA experiment one must decide whether to seed the entire flowfield (full coverage)
or to seed only the stream tube which passes through the measurement volume (point injection). Both
methods are used in practice and the method chosen is dependent on the particle generation rate of the
seeder and on the flowfleld characteristics. As an example analysis of particle generation needs, let us
con:!::rbn? LA application which involves flowfield measurements in the turbomachinery environment sum-
mariz eTow:

turbomachine diameter = I m
hub/tip radius ratio « 0.7

e v g ——




-

N L

6-5

through flow velocity = 200 m/sec
volume atrflow rate = 80 M3/sec

The rate at which particles will cross the LA probe volume is gtven by
R =d-L-V-c

where L and d are the probe volume length and diameter, ¢ 1s the particle concentration in the flow,
and V15 the flow velocity.

Commercially available seeders are capable of maximum particle generation rates of 107} particles/
min. Coupling this rate with the volume flow rate of air through the machine ylelds a particle density
of 2x107 particles/M3 1€ full coverage seeding is employed. If typical probe volume dimensions of
d =100 ym, L = 1 mm are used, we arrive at a particle rate through the probe volume of

Ra=dLVcs (104 m(10-3 m)(200 m/sec)(2x107/m3) = 400 particles/sec.

The actual LA data rate will be less than this number since particles which cross the probe volume outer
edges usually do not scatter enough light or cross enough fringes to yleld a valid velocity measurement.
The conclusion to be drawn from this particular example 1is that point injection of seed should probably
be used.

Point injection of seed is most easily accomplished through a tube placed upstream of the measurement
volume as shown in Fi1g. 8. This tube must be placed far enough upstream to enable decay of the wake shed
from the tube before the measurement point s reached. In addition, the seed injection tube is usually
carried 'n a radial and/or circumferential actuator to enable seed injection of the stream tube which
passes through the probe volume for arbitrary positions of the probe volume.

A unique seed material which has specific advantages for turbomachinery LA applications ts the liquid
fluorescing seed described in Ref. 14, This seed material 1s formed by dissolving an organic dye, rhoda-
mine 66, In a mixture of benzyl alcohol and ethylene glycol. wWhen irradiated with 1i1ght from the blue or
green lines aof an argon-ion laser, seed particles composed of this dye solution fluoresce in the orange
band of the spectrum, as shown by the absorption and emission spectra shown in Fig. 9(a). By placing a
narrow band orange-pass filter in the LA collection optics in front of the PMT, one can optically stop
11ght reflected from solid surfaces at the incident Vight wavelength from entering the PMY. This enables
one to make measurements near hub and endwall surfaces and within rotating blade rows. When not using
fluorescent seed, the 1ight reflected from solid surfaces, which is orders of magnitude higher in inten-
sity than the 1ight scattered by the seed particles, domtnates the PWT signa) as the surface is
approached, t.e., the signal to noise ratio of the PMT signal drops to zero. When fluorescent seed ts
used, the signal to nolise ratio remains constant as a solid surface is approached. 1In addition, since the
Mght from the seed particles is emitted due to fluorescence rather than scattered, the Mie scattering
phenomena does not apply and the intensity of light emitted by the particles is independent of direction.
The penaity associated with the use of this technique 1s that the 1ight-emitting efficiency of the rhoda-
mine dye for a given size particle 4s generally an order of magnitude lower than the backscattering effi)-
ciency of conventional (3.e., nonfluorescing) seed particles of the same size, as shown in Fig. 9(b). In
addition, both blue and green wavelengths 11e in the absorption band of rhodamine as shown in Fig. 9(a).
This technique therefore cannot be used with two-color LA systems.

Alternate Laser Anemometer Methods

In addition to laser fringe anemometry there are several alternate laser anemomeiry methods which can
be used to obtain quantitative flowfield measurements in turbomachinery. These methods are Fabry-Perot
interferometry; laser transit anemometry (LTA), (also referred to as the laser two focus (L2f) technique,
the time-of-f11ght technigue, and as the two-spot technique); and a hybrid method which combines features
of both laser fringe and laser transit anemometers.

The LFA technique measures the frequency difference between the 1ight scattered from each inctident
laser beam by a seed particle. In contrast, the Fabry-Perot technique directly measures the frequency of
the scattered iight by using a Fabry-Perot interferometer as a scanning optical spectrum analyzer. Devel-
opment of the Fabry-Perot technique for measurements of the line-of-sight radial velocity components in a
turbine cascade has been reported in Refs. 15 and 16 and will be covered in this symposium by Seasholtz
{Ref. 7).

The laser transtt anemometer (LTA) will be covered in detaldl in this symposium by Schodl (Ref. 3).
The principal advantages of the LTA technique over the LFA technique are:

(1) the 1ight intensity n the probe volume 1s higher than in a laser fringe anemometer which enables
detection of smaller particles,

{2) the sensitive length of the measurement volume in the line-of-sight directton is much shorter
than in an LFA system which enables the acquisition of measurements near solid surfaces,

(3) the LTA provides a high degree of sensitivity in flow angle measyrements.

The principle disadvantage of the LTA technique is that 1t yields a Jow data rate due to the fact
that the LTA measurement volume presents a much smaller “target® which a particle must hit in order to
yield a velocity measurement (see Fig. 10). LTA data rates diminish rapidly as the turbulence level
increases 1n a flowfield because the €low angle fluctuations generated by turbulence levels of 10 percent
or more are large enough to prevent most particles from crossing both spots.

A hybrid technique currently under development 1s aimed st removing this 1imttation by expanding the
circular LTA spots into elliptic-shaped spots. The technique represents a trade-off between powar density
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in the probe volume and probe volume target area. One approach to this technique is described in Ref. 18.
This technique will also be discussed in this symposium by Boutier (Ref. 8).

APPLICATION OF LASER ANEMOMETRY TO MEASUREMENTS IN TURBOMACHINERY

There are three major features of the turbomachinery environment which make the applicatton of laser
anemometry more difficult in turbomachinery experiments than in external aerodynamic experiments:

(1) the close proximity of highly reflective surfaces (1.e., hub and shroud endwalls and blades),
(2) flowpath geometry (curved endwalls and complex blade shapes),
(3) the rotation of rotor blade rows.

Each of these issues will be addressed in this section. In addition, various data acquisition
schemes will be compared and the advantages and 1imitations of each scheme will be discussed. Finally,
the need to provide near real-time data reduction to support intelligent execution of experiments will be
discussed.

Reflected Light Problems tn Turbomachinery Applications

Two separate problems related to reflected incident 1ight radiation arise in LFA turbomachinery
applications. The first of these problems is caused by reflections from window and hub surfaces when
making measurements in the flowpath inner and outer endwall regions. Reflections from the window surfaces
can be reduced by using antireflection coatings on the window. Fluorescent seeding is an effective means
of eliminating the problem of poor signal-to-noise ratio caused by reflection of the incident laser beams
from blade and endwall surfaces.

while fluorescent seeding enables one to make measurements directly down to both the hub and shroud
endwal) surfaces, the proximity to a solid surface which one can achieve with nonfluorescent seeding
before reflected Yight becomes a problem is highly dependent on the type of surface in question and on the
design of the optical system. It has been the author's experience that for optical systems with beam
crossing angles on the order of 5° or less employing f/4 collection optics and no special stops in the
collection optics, the closest approach to a hub endwall or a window in the shroud endwall 1s on the order
of 1 ¢cm. For a machine with a dlameter of 1 m and a hub/tip radius ratio of 0.8, a distance of 1 cm cor-
responds to 10 percent of the blade span.

The second source of reflected light ta turbomachinery applications is "blade flash® caused by pas-
sage of the rotor blades through the incident laser beams. The severity of the blade flash problem ts
dependent matnly on the rotational speed of the blade row. The incident laser beams "walk®™ up the surface
of the blade as the blade rotates through them as shown in Fig. 11. As discussed in the next section, the
blades appear to be "bent" 1n this figure due to spanwise twist. The blade surface 1s in the probe volume
1tself for a very short time, near t - 0. However 11ght can be reflected from the surface into the col-
Tection optics at any point between time t = O when the probe volume first intersects the blade surface
and time t a tp when the beams are no longer blocked by the blade surface. Reflected 1ight entering
the collection optics during time 0 < t < ty can cause saturation of the photomultiplier tube (PMT).

If this occurs the PMT requires a finite amount of time to recover and measurements which occur during the
recovery time will be lost. For rotors operating at tip speeds on the order of 400 to 500 m/sec, blade
passing frequencies are on the order of 5 to 15 Khz, and time tp 1s on the order of 7 to 20 wsec.
However for Yow speed machines this time can be at least an order of magnitude greater. It has been the
author's experience that reflected 1ight from blade surfaces does not cause PMT saturation in high speed
machines but can cause problems in low speed applications. Fluorescent seeding therefore appears to be
necessary in high speed applications only when measurements in the proximity of the hub or shroud endwalls
are desired.

Blade Geometry

One feature of turbomachinery geometry which impacts optical access to the flowfield 1s spanwise
twist of the blading as shown in Fig. 12. This twist teads to the *bent" appearance of hub-to-tip blade
sections such as AA and BB when viewed in a streamwise direction. For blades which are radtally stacked
about the c.g. of each section this bending 1s worst near the leading and trailing edges. If the incident
laser beams are constrained to enter the flowpath in the radial direction, shadowed regions occur as shown
in which the tip blade section prevents optical access to the hub section. The extent of the shadowed
region can be as great as 20 to 30 percent of the blade pttch at the hub. This shadowing can be elimi-
nated 1f the LA optical system is capable of orienting the incident laser beams away from the radial
direction as shown in Fig. 12.

When acquiring measurements at design speed operating conditions, use of the blade design geometry
1s generally an accurate method of calculating the information required to relate the axial and circum-
ferential measurement locatton to the blade surface location. However, at part speed conditions the dlade
geometry will vary from the design geometry due to deflections caused by reduced mechanical stresses. The
principal deflection in axial-type blading 1s an untwist or change in the blade stagger angle as shown
schematically in Fig. 13(a). The amount of untwist vartes from zero at the hub to a maximum at the tip.
Axial blading also experiences some axial deflection due to thrust loading. In radial-type blading the
primery deflection due to mechanical stress 1s a *flowering" of the rotor disk, which causes a shift in
the axlal location near the rotor exit. These deflections can be accounted for by measuring the actual
Tocation of the rotor during data acquisttion and correcting the design blade geometry as required.

The blade geometry at the tip can be measured during data acquisition by positioning the probe volume
at the tip radius. If seed injection is turned off, the fringes are oriented to weasure the ctrcumferen-
tial velocity component, and the laser power 1s reduced, then the LA signal processor will perceive the
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blades passing through the probe volume as seed particles. Since velocity measurements will only occur
over the blade tip, the blade circumferential location can be determined from the location at which mea-
surements have occurred. The sensitivity of such a procedure to changes in the blade stagger angle can

be controlled by the circumferential resolution of the LA measurements. Results obtained from an axial-
flow fan using the above procedure are presented in Fig. 13(b). As described in Ref. 19 the measurements
were acquired 1n a 51.3 cm dlameter rotor using a resolution of 1000 measurement locations per blade
pitch. The rotor has 22 blades which ylelds a circumferential resolution of 0.008 mm. The measured
untwist was 1.96+0.04° compared to a finite element analysis prediction of 2.02°. These measurements also
indicated that the blade spacing around the wheel was uniform to within 2 percent.

Window Design Considerations

Optical access to wind tunnel models used in external aerodynamics experiments s usually provided
through flat windows mounted in the tunnel walls. The use of flat windows in turbomachinery applications
leads to distortions in the outer flowpath due to shroud curvature tn both the circumferential and stream-
wise directions, as shown in Fig. 14 for an axial-type blade. This flowpath distortion is often greatest
in the rotor tip reglon and can significantly alter the local tip clearance. This problem is particularly
acute 1n radia) turbomachinery applications, where the shroud radius of curvature is small in both the
circumferential and the streamwise direction.

Flat windows are required for laser transit anemometer applications, since the highly focussed
“spots® of a transit anemometer become highly defocussed 1f the window 1s not flat. This defocussing
reduces the power density in each spot to levelis which are unuseable. Flat windows are not required for
laser fringe anemometers.

One solution to the need for flat windows in curved flowpaths is the use of many smal) windows, as
shown at stations 5 to 14 ¥n Fig. 15. Such an approach 1s the only one practical for radial-type turbo-
machines if one desires to maintain proper tip clearances or to use laser transit anemometry. However,
as seen 1n Fig. 15, the use of many small flat windows 1imits one's ability to acquire measurements at
arbitrary streamwise locations.

For axial-flow configurations, in which streamwise radil of curvatures are relatively large, curved
windows can be eas)ly fabricated by heating flat glass plates to the yleld temperature of the glass and
forming the glass over a mold. Such windows follow both the circumferential and streamwise curvature of
the flowpath and offer unlimited access to arbitrary axial and circumferential measurement points within
the window boundary.

Refraction at the atr-glass interface on window inner and outer surfaces causes the following
phenomena which impact measurement accuracy:

(1) The actual probe volume location 1s translated relative to the location which would have occurred
without refraction effects,

{2) The incident laser beams which generate the probe volume may uncross - 1.e., the two beams will
no longer lie in the same plane,

(3) The beam crossing angle, which affects the calibration factor between fringe crossing frequency
and seed particle velocity may change.

Probe volume translation will always occur for both flat and curved windows, while changes in beam
crossing angle only occur for curved windows. Beam uncrossing occurs when the solid angle between the
incident laser beam and the window surface s not equal for each beam in a fringe anemometer. Beam
uncrossing thus generally occurs for curved windows but can occur for flat windows when the beam bisector
is not perpendicular to the window surface. If the uncrossing distance at the probe volume locatton is
comparable to the beam diameter, the beams wil) no longer intersect one another and the probe volume will
be destroyed. A change in beam crossing angle can occur only across a curved window. The crossing angle
changes when the change in surface normal ortentations between the window outer and inner surfaces are not
the same for both laser beams.

The magnitude of window refraction effects is dependent on the beam crossing angle, the probe volume
immersion into the flow, the window thickness and radius of curvature, and the orientation of the incident
laser beams relative to the window. These effects have been recently studied in detail for flat and
cylindrical windows using an optical ray tracing technique which is applicable to totally general window
shapes (Ref. 20). The impact of typical values of these parameters on the uncrossing problem is shown in
Table II. The conclusion which one draws from this example 1s that relatively thin windows are required
when curved windows are used. We generally use a window thickness of 3 mm in our research rigs, which
have a diameter of 0.51 m.

One very promising solution to the uncrossing problem is presented in Rei. 21. The procedure
Involves making an interference hologram between a reference beam and a laser beam which passes through
the window after passing through the desired measurement point as shown in Fig. 16. The hologram can then
be used to introduce an exact refraction-error correction into an incident laser beam which follows the
path of the reference beam used to create the hologram. The hologram deflects the beam onto the path
required to pass through the window and the measurement point. The technique is suttable for high laser
power levels (on the order of 2 W) due to the high transmission efficiency of the hologram. The only
disadvantage of this technigque is the need to make 3 hologram for each different location at which one
wishes to pass through the window.

Window Cleaning

The vse of seed Injection into the flowfield in order to enable LA measurements can result in the
accumulation of seed particles on window inner surfaces. This deposition is due to large particles which
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do not follow the flow and are therefore centrifuged out toward the shroud. In addition, turbomachinery
component research rigs usually have lower quality oil seals than flight-certified engines, which can
cause window contamination due to oil leakage even when seed material is not used. An effective method
of removing deposits from windows is the injection of a liquid solvent into the flow through small holes
located in the shroud upstream of the window. Window cleaning by this method is especially effective 1n
the region over the rotor tip, where the ltquid s scraped across the window by the rotating blades. The
author has been able to wash windows in single-stage axial compressor applicattons for rotors with tip
speeds on the order of 425 m/sec without reducing the rotor speed, which allows the operating point to
remain unchanged during window washing. The use of 1iquids for on-line window washing may not be practi-
cal for applications in higher pressure ratio centrifugal compressors and multistage axial compressors.
In such machines the flowfield temperature rise may be so high that window washing 1iquids would evaporate
or cause high thermal stresses when they coat a hot window.

Measurement of B8lade Rotational Position

A laser anemometer measurement is a random event triggered by the presence of a seed particle in the
probe volume. When acquiring measurements in rotating blade rows one must therefore measure the blade row
rotational position every time a velocity measurement occurs. There are four measurement methods which
can be used to provide this rotational position:

(1) Enable a2 measurement window once-per-rotor revolution during data acquisition.

(2) Enable a measurement window once-per-blade passing during data acquisition.

(3) Enable continuous measurement windows during data acquisition.

(4) Record the time between measurements and assign measurement windows after data acquisition.

Methods (1), (3), and (4) require a once-per-rev (OPR) timing signal from the rotor while method (2)
requires a once-per-blade (OPB) timing signatl.

The generation of measurement windows for the first three methods is shown schematically in Fig. 17.
8y definttion a measurement window ts a time interval used to classify velocity measurements according to
the rotational position at which they occurred. A1) velocity measuraments which occur within a given
window are spatially averaged across the width of the window. It is therefore advantageous to keep the
measurement windows narrow. Since LA measurements are usually displayed graphically as discrete measure-
ment points across the blade pitch, it is important to remember that each point represents a spatiatl
average across the window width.

Impiementation of methods (2) and (3) for generating measurement windows requires the ability to sub-
divide the time between once-per-blade (OPB) and once-per-rev (OPR) signals respectively. This reguire-
ment is met by generating pulse trains at frequencies which are integral multiples of the "PB or OPR sig-
nal frequencies. These pulses are accumulated in a counter which is initialized by each G 8 or OPR
signal. Whenever an LA velocity measurement occurs, the current counter contents are recorded with the LA
measurement as a {velocity, clock count) data word pair. The clock co~t is then used to determine the
measurement window in which the velocity measurement occurred.

Note that a variable delay after the once-per-rev signal is needed in order to align the measurement
windows with the blade passage. This effect s 11lustrated in Fig. 17 by delays Dy and D, which
are required for measurement axial locations My and M), respectively. Successful implementation
of methods (2) and (3) also requires the use of fairly high frequency pulse generators, as shown in the
table below for two typical high speed compressor applications.

FREQUENCY REQUIREMENTS FOR WINDOW-GENERATING
PULSE TRAIN

(N8 - number of rotor blades; BPF - blade passing
frequency; NWP - number of windows per blade
passage; f - pulse train frequency; WW - window
width 1n microseconds}

Machine type Tom NB [ BPF, | NWP| F, |wM
Khz khz
Centrifugal
Main blade 36 000 | 20 | 12 16 1192 (5.2
Main and spliit-
ter blade 40| 24 16 | 38412.6
Axial 20 000 | 40 [13.3| S0 | 665 | 1.5

Use of constant frequency pulse generators will result in changes in the number of measurement win-
dows between OPB or OPR signals due to rotor speed vartations. One must therefore use a phase-tocked loop
or a tracking shaft angle encoder (Ref. 22) which is capable of rapidly varying the pulse generation fre-
quency in response to rotor speed variations. For high speed applications a digital shaft angle encoder
is preferred over a phase-locked loop, since the response lag in phase-locked loops is generally too large
to enable accurate tracking of rev-to-rev variations in rotor speed.

The first method 1isted above is the simplest, and involves enabling a measurement window after a
known time delay «+ has elapsed after occurrence of the OPR signal. A blade-to-blade velocity profile
can be achieved by collecting measurements for various delay times «+. This method allows one to obtain
measurements in different blade passages around the wheel. [t is the simplest of the four methods and was
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therefore used in early applications of LA to turbomachinery (see Ref. 23 for example). While it 1s sim-
ple to implement this method ¥s also inefficient since the measurement window is only opened once per
rotor revolution.

In method (2) 3 fixed number of measurement windows are geherated between adjacent once-per-blade
(OPB) signals. Since the OPB signals from each blade are all identical, measurements which occur within
a measurement window can come from any blade passage oh the wheel. This method ts more e‘ficient than
method (1) since it opens a measurement window at al) times. However, in order to measure the flowfield
in an Yndividual blade passage, the windows must be enabled for only the passage of interest. 1In this
case data can only be acquired during a time corresponding to (1/NB) of each revolution, where NE 15 the
number of blades. Reference 24 describes the use of this method in a laser transit anemometer system.

Method (3) essentially opens measurement windows at all times and assigns a unique set of measurement
windows to each blade passage. This technique therefore allows maximum data acquisition efficiency when
one ts interested in obtaining measurements in individual blade passages. Use of this technique in a
laser fringe anemometer system is described in Ref. 22.

The fourth data acquisition method is similar to the method (3) tn that it assigns a unique set of
measurement windows to each blade passage. This method, which is described in Ref. 25 for a two-bladed
propeller, is shown schematically in Fig. 18. During data acquisition, a trigger signal is recorded once-
per-rev along with the elapsed time between each LA measurement. The pitchwise location of each measure-
ment is then determined after data acquisition is complete by using the time-between-measurement data and
the triggering pulse (or OPR) data. After the pitchwise measurement location is determined, the measure-
ment is assigned to the appropriate window. Since measurement windows are defined by the user during
post-run data processing, this method allows the user the freedom of changing the width and number of the
measurement windows without rerunning the experiment. In contrast to methods (1) to (3), this method also
enables the user to determine the circumferential location of each LA measurement within the measurement
window. This information can be used to assess the degree of spatial averaging which occurs when all
measurements within a window are averaged together.

The four approaches discussed above are by no means the only methods which can be used to determine
the blade row rotational position for each LA measurement. An approach which 1s a hybrid of the third and
fourth approaches discussed above is described in Ref. 26. This method ts similar to method (4) in that
it determines the rotational posttion from the time-between-meacurements and a triggering pulse. However,
in this method the triggering pulses are generated by an encoder which generates up to 1000 pulses/rev
(stmtlar to method (3)), while in metiod (4) the triggering pulses are generated once-per-rev.

Data Acquisition Methods

The various methods of recording rotational position discussed above allow one to implement several
different data acquisition methods. The method which one chooses to use is dependent on the level of
information which one 15 trving to extract from the measured flowfield and on the level of flowfield
periodicity.

Averaging Methods

The simplest data acquisition method which enables one to determine the blade-to-blade distribution
of veloctty and flow angle within a rotating blade row can be referrzd to as a "blade average" mode of
data acqutsition. This data acquisition method can be impliemented using method (2) discussed above for
recording the blade rotational position. When performing blade average data acquisition one generates
measurement windows between successive once-per-blade s‘anals. Measurements which are assigned to a given
measurement window can ortginate from any blade passage around the rotor. When using thts method one 1s
therefore averaging together the flowfields which occur 'n each individual passage, and all information
concerning passage-to passage flowfield varlations 1s lost.

A second, more complex method of acquiring data can be referred to as a "window average' mode of data
acquisttion. This method can be implemented using method (3) discussed above for recording the blade
rotational position. Al) measurements which occur within a measurement window are known to originate f-om
the particular blade passage in which the window ltes. Window-average data acquisition therefore allows
measurement of the blade-to-blade distribution of velocity and flow angle in individual blade pas<ages,
which in turn allows one to assess the level of passage-to-passage flowflield variations around the rotor.
Although window average data acquisition provides more information than blade average methods, informatton
concerning the distribution of the individual velocity measurements which occur within a measurement win-
dow s stil1] lost during data acquisition. Blade and window averaging methods average together all mea-
surements which occur within a given measurement window. As shown in Ref. 9, {f one records the number
of measurements, N, which occur within each window, the sum of the measured velocittes, vy, t = 1, N,
and the sum of the squares of the measured velocities, z(v,)?, then one can calculate the mean and
standard deviation of the measurements which occurred within the window using the following:

N 172 ()% 2 v2> v/
2 Ve N
v 2 :(V - vi) s
. - i

(N-1)
1+l

Note that only five words of information, N, v, £v2, need to be recorded for each measurement window
(one word for N which 1s an integer and two words each for IV and IV2Z which are real numbers).
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In addition, the number of words stored is independent of the total number of measurements acquired
during a run.

As shown in Refs. 9 and 22, the window average mode of data acquisition can be an efficient method
of obtaining good blade-to-blade spatial resolution while minimizing computer storage requirements. The
LA system described in these references generates 50 measurement windows across 20 consecutive blade pas.
sages. The system therefore records velocity measurements in 1000 measurement windows while using only
5000 words of computer storage. As discussed in Ref. 22 and shown in fig. 19, the window number (referred
to as "shaft position® in Ref. 22) s used as an address in a stored data array. This scheme enables
efficient real-time processing and graphical display of the measured data because the data Vs assigned its
proper place in the data array as part of the measurement process.

Data Capture Method

The most complete method of data acquisition can be referred to as a "data capture® method. In the
data capture method, each individual velocity measurement which occurs within a window is individually
recorded, and the velocities are not summed during data acquisition. This data acquisition mode therefore
allows the user to examine the probability density distribution of the measurements which occurred within
each window.

There are several advantages and disadvantages to be considered when deciding which data acquisition
mode to implement. The data capture method lends itself to direct memory access (DOMA) transfer of data
from LA counter processors to computer core memory since all measurements are recorded without any aver-
aging or summing. However, this method can require large amounts of computer core memory and archival
storage relative to the blade and window average methods since two words of information (integer repre-
sentation of measured velocity, window number) must be recorded for each measurement.

Consider for example a situation in which one wishes to record velocity measurements in 25 windows
from blade-to-blade across 40 individual blade passages. In addition, assume that one wishes to record
100 measurements in each window and that the data is uniformly distributed among the windows. Window
average data acquisition in this case would require (25 windows/blade) by (40 blades) by (S5 data words/
window), or 5000 words of storage. In contrast, data capture acquisition would require (25 windows) by
(40 blades) by (100 meas./window) by (2 words/meas.), or 200 000 words of storage.

If DMA data transfer 1s used, sorting of velocity measurements intc a data array which is addressed
according to window number cannot be done in real time, but must be performed either after data acquisi-
tion is complete or in parallel with data acquisition. Implementation of real-time data display when
using data capture methods therefore requires use of a multitasking computer operating system or an inter-
ruption of data acquisition for calculation of real-time displays. These issues are becoming less impor-
tant as the cost of computer hardware and software capability continues to fall.

The ultimate acquisition approach would be to implement data acquisition slgorithms which can auto-
matically screen the probability density distribution acquired in each window during capture mode acqui-
sition. If the distribution is well-behaved (1.e., nearly Gaussian), little information is lost by simply
recording the distribution mean and standard deviation. The output of such an intelligent data capture
method would therefore consist of probability density distributions for those measurement windows in which
nonGaussian distributions were detected.

Total Number of Measurements Required
Two data acquisition issues which remain to be addressed are:
(1) how many measurement windows are required across a blade passage,
(2) how many measurements are needed to establish statistical -onfidence in the data.

The number of measurement windows required for accurate definition of the flowfield ts dependent on
the magnitude of the velocity gradients in the blade-to-blade direction. These gradients are averaged out
across a measurement window during data acquisition since measurements which occur anywhere within a win-
dow are effectively assigned to the center of the window. Ffigure 20 shows a blade-to-blade Mach number
distribution measured near the tip of a transonic fan blade in which a two-shock passage shock system is
present. The measurements were acquired using 50 measuremont windows across the passage. The Mach number
distribution shown is the average of the distributions which exist in each of the 17 blade passages in
which measurements were acquired. In Fig. 20 the second shock is clearly defined when N ypgoyw = 50.
Also shown in Fig. 20 are the Mach number distributions which would result from using 25 and 12 windows
across the blade pitch. Although the impact of reducing Nyypdow t0 25 Vs minimal, a value of Wyynpdow
of 12 leads to an almost total smearing of the second shock and does not show the Mach number increase
near the pressure surface. Note that method (4) discussed in the previous section concerning measurement
of blade rotational position allows one to refine window resolution during post processing of the data.
The other methods of measuring blade position require ine user to fix the window resolution during the
measurement process.

As discussed in the section on statistical measurement errors above, the number of measurements
required to establish a given level of statistical confidence in the mean velocity, v, 1s related to the
turbulence intensity. The number of measurements required as a function of turbulence intensity was sum-
marized in Table I for various values of turbulence intensity at the 95 percent confidence level.

While a turbulence level of 5 percent s not uncommon in the core flow regions of turbomachinery
blade flowfields, the turbulence intensity level within wakes can rise as high as 20 percent. 1If one
desires to establish a 1 percent confidence interval in the mean velocity in a flow with a 5 percent tur-
dulence level, then 100 measurements are required for each window. Acquisition of data across 1000 win-




dows would therefore require a total number of 100 000 measurements to achieve the desired accuracy in
each window 1f the number of measurements were uniformly distributed across all of the measurement win-
dows. In reality the measurements are not uniformly distributed, as shown in Fig. 21 which shows the
distribution of the number of measurements which occurred during the measurement of the Mach number dis-
tribution previously shown 1n Fig. 20. One s therefore left with one of two choices:

(1) Collect data until the desired number of measurements are achieved in each window.

(2) Collect the dei;ired total number of measurements and accept an increase In statistical error in
those windows which have less than the desired number of measurements.

For typical applications, in which the time for data acquisition s of concern, the second choice 1is
more practical than the first.

On-Line Data Monitoring

The use of on-line data reduction and display can greatly tncrease the effective use of an LA system
in any application even if the data acquisition process s not totally automsted. On-line feedback from
the measurement process can indicate the presence of poor quality data and can also be used to ensure the
capture of relevant flow features.

Figure 22, adapted from Ref. 22, shows one possible real-time display. This display Vs generated
during a data acquisition process which uses 50 windows per blade passage across 20 blade passages. The
display 1s updated every 10 to 15 sec during a run and ts based on the data acquired up to that point in
the run. The actual real-time display is shown in the center of Fig. 22 and 1s composed of the upper and
lower plots shown in the figure. The upper plot is a plot of the velocity profile averaged across a blade
pitch, t.e., 1t s calculated by averaging together measurements made in all of the individual blade pas-
sages. The blade suction surface is on the left side of the plot and the blade ttself appears as the
cross-hatched region on the right side of the plot. The lower plot in Fig. 22 1s a bar graph which shows
kd» the number of measurements acquired in each of the 1000 measurement windows. The 20 gaps in the plot are

caused by the 20 blades since no measurements are acquired as the blade passes through the incident laser
beams. The accumulation of dirt and fluorescent seed material on the surface of the ninth blade passage
,{ 1s causing a large number of measurements due to 1ight scattering from the blade surface.

While a real-time data display can be used to assess the quality of the data at individual survey
Tocations, a rapid analysis of survey results is needed to ensure the capture of relevant globa) flow
features. Use of on-1ine data analysis can reveal important data points which may have been missed during
2 survey. These data points can then be acquired while the research rig is sti1l) operating under the same
f conditians during which the survey was performed. An example of a tase in whith sucth a procedure would

R

be useful 1s shown 1n Fig. 23 for a test run in which the objective 1s to map out the shock location in a
transonic compressor rotor. The plot shown in the figure 1s a streamwise plot of relative Mach number
created by plotting data acquired from several axlal Tocations along 1ine S-S during a flowfleld survey.
Results from the initla) survey, shown on the left, indicate that the front passage shock lies somewhere
between 10 and 20 percent chord and that the rear passage shock )les somewhere between 30 and 40 percent
chord. 1f such a plot is available during the research run, the LA operator can make additional surveys
in these regtons In order to more accurately determine the shock location. The results of such additional
surveys, shown on the right in Fig. 23, indicate that the actua) front passage shock location ts at

P 15 percent chord.

&

Sophisticated data acquisition methods which feature automated data acquisition and on-line data
analysis require relatively sophisticated minicomputers for successful impiementation. Use of 32-bit
, minicomputers with multitasking operating svctems enables large data preparation, data acquisition, and
data reduction programs to be core-resident at the same time, enables sharing of data between such pro-
qrams, and enables concurrent execution of such programs. Large minicomputers also provide the speed
required to implement on-line analysis of data acquired in a “data capture® mode. This analysis can pro-

vide on-11ne indication of flow features such as shock unsteadiness and wake vortex streets. Use of

| 16-bit minicomputers requires that large data acquisition programs be subdivided and “overlayed® tn memory
due to core storage addressing 1imitations. The slower execution speed of these smaller computers also
Timits the researcher to the use of the more efficient averaging methods of data acquisition discussed
above which are not capable of resolving certain flow features. Successful LA measurements can also be
acquired in turbomachines using B-bit microcomputers. The type of hardware and software required between
4 these two extremes depends on the level of information and the amount of information which one wishes to
extract from the LA measurements.

ANALYSIS OF TURBOMACHINERY FLOWFIELDS USING LASER ANEMOMETER MEASUREMENTS

A number of different data acquisition methods of varying levels of complexity were discussed above.
It was shown that data acquisition schemes can be simplified by employing some level of data averaging
during the measurement process. However, such averaging prevents the extraction of certain levels of
Information from the flowfield. In this section an analogous situation will be shown to exist for both
data analys)s and graphical data display methods. A variety of methods will be presented and V1lustrated
using examples from published results on laser anemometer applications to turbomachinery experiments.

The Mierarchy of Information Obtatnable from LA Data

The process of analyzing LA data can be schematically represented by the informational pyramid shown
in F1g. 24. The greatest amount of information is at the base of the pyramid. Successive application of
averaging operators leads one to the peak of the pyramid. However, detalled information on flow features
1s lost as one moves to higher levels of the pyramid.

When performing an analysis of the variance in LA measurements acquired from flowfields generated
within rotating turbomachinery one muyst be mindful of the perlodicity present in the flowfield. In sta-

oy
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tionary, ergodic flows, one usually equates the level of measurement variance with the level of random
fiow fluctuations due to turbulence. As will be shown below, there is at least one contribution to the
measurement variance which is not related to turbulence at each level of the pyramid.

The principles discussed above will be illustrated by analyzing an actual LA data set. This data set
was acquired one-half chord downstream of an axja) flow fan with a one-component LA system using 50 mea-
surement windows between each blade. Measurements were recorded in 17 of the 22 fan blade passages. The
total number of measurements recorded was 30 000, which yielded an average of about 40 measurements in
each window. The velocity component measured is that which is in the streamwise direction outside of the
blade wakes.

Analysis of Measurement Mean and Variance

The base of the informational pyramid contains the individual velocity measurements acquired in a
capture mode of data acquisition. This data can be visualized as a two dimensional array V(4,J). The
measurement window number, 1, ranges between 1 and MWW = NWP*NB, where MW 1s the total number of mea-
surement windows, NMWP 1s the number of windows per blade passage, and NB 1s the number of blade pas-
sages surveyed. In the example data set being used here, NW = 50, NB = 17 and WNWP = 850. The index
ranges between 1 and N(1), the total number of measurements in window number 1. As shown in Fig. 25,
this data can be presented in the form of a velocity probabtlity density distribution (p.d.d.) for each
measurement window by classifying the N(1) velocity measurements into velocity bins of fixed width.
Although p.d.d.'s can be generated for each measurement window, there are not enough measurements in an
individual window tn this data set to given an accurate description of the bimodal character of the
p.d.d.'s which 1te in the blade wake (point A). The p.d.d.'s shown in Fig. 25 therefore contain measyre-
ments acquired within the measurement windows located at points A and B in all 17 measured blade passages,
and are therefore "blade average® p.d.d.'s. As shown in Ref. 27, the bimoda) character of the p.d.d. at
point A indicates that a vortex street is present in the blade wake.

Time averaging of the data acquired in each window leads to the second level of the informational
pyramid, which contains the time-average circumferential velocity distribution between individual rotor
blades, V(1). This velocity distribution can be directly acquired using a °"window average® data acquisi-
tion technique or can be calculated from capture mode data using the averaging operation

1 N(Y)
LI§}] T V(1,)) 1 =1,..., Q)

Note that ¥(1) 45 the statistical mean of the probability density distribution of the measurements from
window number 1.

The time-averaging operation also allows one to calculate the standard deviation, op(1), of the
probability density distribution in window number 1. This standard deviation is the lowest level of rms
velocity information avatlable (see Fig. 24) and can be calculated using the formula

N(1)
ch) . iﬁﬁ,{; 90 - v 90)% 4a1,... (2)

Once the data is time-averaged, detailed information concerning the p.d.d. of the individual measure-
ments which occurred in the measurement window is lost. However, the general level of broadening in the
p.d.d. is indicated by the magnitude of o,(1). In addition, information on passage-to-passage varia-
tion in the flowfield ¥s st111 present in the data. Examples of the circumferential velocity distribution
given by Equation (1) are shown in Fig. 26 across 2 of the 17 measured passages. The flags at selected
points indicate the magnitude of the standard deviation op. Note that the standard deviation rises in
the wake as one would expect due to viscous mixing. However, the standard deviation alone does not indi-
cate the vortical nature of the wake flow as inferred by the p.d.d. shown in Fig. 25. This information,
which was contained in the p.d.d.'s has been lost due to averaging.

Now let us consider the factors which contribute to the vartance op. In a steady, laminar flow,
411 measurements in a probability denstity distribution would fall into the same velocity bin. In reality,
the p.d.d. 1s broadened by the following mechanisms:

(1) Random turbulent fluctuations in the flow,

(2) Flow unsteadiness which occurs at frequencies which are not integral multiples of the rotor
rotational frequency (such as rotor shock oscillations and tralling edge vortex shedding),

(3) Averaging of velocity gradients across the width of the measurement window,

(4) Flow variations caused by rotor speed drift during data acquisition,

(5) Individual LA measurement errors.

The contributions of items (2) to (5) must be subtracted from the standard deviation op(1) cal-
culated from the p.d.d. in order to obtain the level of turbulent flow fluctuattons. The LA user can
control or can estimate the magnitude of some of the elements in 1tems (2) to (5) above.

The contribution of item (3) can be minimized by reducing the physical size of the measurement win-

dow. The contribution of item (5) can be controlled by selecting the fringe orientation angles and the
number of measurements so as to minimize the statistical measurement error. Individual LA measurement
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errors arising from particle tracking errors can be minimized by generating uniformly small seed parti.
cles. As discussed in Ref. 9, the combined contributtons of items (3) and (4) are on the order of 1 to 2
percent for a practical application.

_ Application of a spatial ensemble averaging process to the circumferential velocity distribution
V(1) 1leads to_the third level of the informational pyramid, which contains the ensemble-averaged velocity
distribution V(k). The ensemble averaging operation is given by

N ) N
V) = 45 Zo Uk + m.KWP)  KeY,... NWP &)}
M

This ensemble averaged velocity distribution can be directly acquired using a "blade average® data
acquisition technique in which NWP windows are generated between successive blade passing signals. The
Vlk) velocity distribution contains information on the circumferential variation in the flowfield across
an “average® blade passage. Detalled information on the varlation of the flowfleld between 1ndividual
blade passages is lost. This information is lumped into the standard deviation og(k) at each point
in the ensemble-averaged velocity distribution, given by

2 3 NB-1 0 2
ag(k) T Eo [V(k) - V(k + m.NWP)] k=l,...,NWP (4)

Fig. 27 1s an 11lustration of the ensemble-averaged velocity distribution calculated from the example
data set by averaging across the 17 measured blade passages. The flags shown on selected points indicate
the magnitude of the rms velocity ag-

This rms velocity arises from passage-to-passage flow variations. This geometric contribution to rms
velocity fluctuations can be seen in Fig. 28, where the individual velocity distributions across the 17
measured blade passages are plotted to the same scale.

The fourth level of the informational pyramid contains the pitchwise-averaged velocity 7. This
velocity can be obtained from the spatially ensemble-averaged velocity using the averaging operation

) WP
V- 1(2.1 V(k) (s)

The standard deviation of V 1s calculated using

NWP

2 hJ o 2
% = W k);] % - Voo (6)

The values of ¥ and op calculated from the ensemble-averaged veloctty distribution are included
in Fig. 27. This information can be directly acquired by a simple LA system which contains no capability
for measuring rotational position of moving blade rows. A1} detatls concerning the blade-to-blade flow-
field are lost at this level of averaging. Data of this type 1s of interest when comparing LA measure-
ments to those obtained with aerodynamic instrumentation such as tota) and static pressur~ probes and
thermocouples whose frequency response is well below the blade passing frequency. The time-average
;:l:city at the measurement point 1s also used when measuring the steady state flowfield in stationary

ade rows.

At the top of the informationa) pyramid, the variance in the pitchwise-average velocity, o¢, con-
tains contributions from all lower levels of the pyramid. Several authors (Refs. 28 to 30) have addressed
this 1ssue in the past using a model similar to that shown in Fig. 29. These investigators have shown
that the total rms velocity at the measurement point, o, 1s related to the random fluctuation level and
the periodic fluctuation level ap by the relation

di-d:’ds

These investigators have assumed that the flowfield is the same in each blade passage. [f however,
there are flowfield vartiations from passage-to-passage, such that the velocity distribution 9(1) in each
passage is not identical to the ensemble-averaged distribution V(k), an additional contribution ag
must be included:

ai = a$ * cs + d:

1t should be noted that calculation of the ensemble-averaged profite, V(k), can be performed directly
from the individual_velocity measurement array V(1,J). It should also be noted that the pitchwise-
averaged velocity, ¥, is identical to the arithmetic average of all measurements in the V(1,J) array.

The calculation of ﬁkk) in terms of V(1) shown in equation (3) and the calculation of ¥ 1in terms of
V(k) shown in equation (5) was done in order to more clearly show how information is lost during each
averaging operation. The following formulas can be used for direct calculation of V(k) and :

HB-1 N(ke+m-NWP)
2 )
k

V(k + m-NWP,)

V(k) = «l,... NP
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NW = NWP.NB

Care must be taken when computing all of the averages discussed above, since the velocity is a vector
which has both magnitude and direction. This point can be seen more clearly by considering the averaging
of the two vectors shown in the diagram below: &

WA
[EX ]

0
g 8y » 128
« 3

The actual average velocity obtatined by vector addition is of course zero. However, if one averages
the velocity magnitude and angle separately one gets

(v, + V)
.—]T-L-IOO

Vav
(8, +B,)
1 27 _ (45 - 135) _ _45
av © 2 2
which s incorrect.
The proper method of calculating average values of any velocity triangle parameter is to average the
primary velocity components Vy and Vy first, and then calculate the desired quantity. In the
above 1llustration this would lead to

(v

+ V. ,)
x) x2 Mn.1-n.mn
“x%v' = 2 =0

Wy« ; Yy (ma LD,
ylav

The proper method of calculating the ensemble-averaged flow angle, B(k), for example is therefore:

" NB-1 1 B
V,(k) - g;% ¥, (kem.NWP) Ve(k) % gg% ve(k»m.uup) kel,...,NWP

" V. (k)
B(k) = ARCTAN| 2—| wa1,... ,wwe
v, (k)

This same procedure applies to other velocity triangle parameters such as relative and absolute
velocity magnitude and relative flow angle. .

The preceding discussion indicates that the level of information which one wishes to extract from the
flowfield can be used to determine both the type of data acquisition method used and the level of averag-
ing employed during data post-processing. Although information is lost through averaging as one proceeds
up the pyramid shown in Fig. 24, substantial savings in data acquisition time, data processing time, and
data storage space can be realized at the upper pyramid levels. For example, let NR be the number of
measurements required to describe the velocity to a certain level of confidence at each point in the cir-
cumferential velocity distribution V(1). In keeping with the example used above, let the total number
of windows be MW=850, corresponding to 50 windows per blade across 17 blades. The total number of meas-
urements required is therefore NT=NR*NW = B50*NR. ]f, however, one is only interested in the ensemble
averaged velocity or the time average velocity V¥, then the same level of confidence requires only
S0*NR and NR measurements respectively.

Continuing with the above example, one cannot hope to assimilate all of the information contained in
the p.d.d.'s for each of the 850 measurement windows. Consideration of the circumferential velocity dis-
tribution, V(1) across 17 blade passages at each axial, radial survey location within the blade row can
also be quite tedious. Therefore, in practice one usually resorts to detatied consideration of one of the
following:

(1) The distribution of V(1) across a few individual blade passages \f passage-to-passage flow
variations are large.

(2) The distribution of V(k) across the ensemble-averaged blade passage if passage-to-passage flow
vartations are small.

Graphica) Methods of Data Presentation

Several different methods of presenting the data accumulated along the circumferential measurement
Tine swept through a rotating blade row at one axial, radial survey location have been presented in the
preceding sections. Additional graphical methods are required when attempting to visualize global flow
features.
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Shock wave locations in transonic blade rows can be determined from a series of blade-to-blade plots
of data acquired at different streamwise locations. An independent determination of shock location can
also be achieved by streamwise cross-plotting of data obtained at a constant pitchwise distance. These
combined procedures are illustrated in Fig. 30. Although the seed particle velocity may lag the gas
velocity for a short distance downstream of the shock, the point at which the measured velocity first
begins to decrease provides a consistent measurs of the shock front locatton.

In contrast to the one-dimensional s)ices through the flowfield offered by blade-to-blade and stream-
wise plots, contour plots offer the user a two-dimensional view of the flowfield. An example of a contour
plot of the Mach number distribution in a transonic axial-flow fan 1s shown in Fig. 31. Contour plots are
often used when comparing LA measurements to results generated by numerical flow analysis codes.

Changes in the magnitude of a flow parameter are more easily discerned from one-dimensional plots
such as those in Fig. 30 than from contour plots. This is due to the fact that one must visually inte-
grate across contour lines to determine magnitude changes when viewing contour plots. As a result,
contour plots tend to be more qualitative than quantitative. This situvation can be improved by three-
dimensional plotting which adds parameter magnitude to contour plots as a third dimension. The use of
varying viewing angles, perspective, and hidden 1ine techniques can greatly enhance the information
obtalnable from three-dimensional plots, as shown by the examples in Fig. 32. The valley-like features
ahead of the blade row represent the Mach number variation caused by bow waves from adjacent blades. The
passage shock location is clearly shown in the lower part of Fig. 32.

Example Results from LA Applicattons in Turbomachinery

Published results from LA investigations will be briefly reviewed below in order to demonstrate the
capabilities of the LA technique. The examples will be 1imited to axial-type turbomachines. A more com-
plete 1ist of examples from axial-flow turbomachinery experiments is given in Ref. 31. An excellent sum-
mary of LA applications In radtal-type machines has recently been given by Krain (Ref. 2). In addition,
results obtatned in radial-flow turbomachinery will be discussed in this symposium by Schodl and Elder
(Refs. 3 and 4).

Passage-To-Passage Flow variations

An idea) turbomachine would produce an identical flowfteld in each blade passage in the blade row.
However, manufacturing tolerances 1imit the degree to which real machines approach this ideal goal.
Passage-to-passage flow vartations measured in two transontc fan rotors are shown in Fig. 33 in the form
of blade-to-blade distributions of relative Mach number in individua) blade passages. The blade sucttion
and pressure surfaces are denoted by SS and PS, respectively. The results shown in Fig. 33(a) were
obtained in a 550 m/sec tip speed tan with an aspect ratio of 2.87 which had a part-span damper. The
results shown 1n Fig. 33(b) were obtained tn an undampered 1.56 aspect ratio fan with a tip speed of
429 m/sec. The Mach number distributions shown in Fig. 33(a) for blade passages 1 and 15 encompass the
range of those measured in each of the 38 individual blade passages. Note that the flowfield in passage
15 15 representative of an oblique shock while the flowfield in passage 1 indicates the presence of a
normal shock. Analysis of data from additional fans has led to the conclusion that the large vartations
shown in the dampered fan flowfields arise due to variations in blade geometry caused by manufacturing
vartations in the dampers. Another feature which appears in Fig. 33 4s the improved flowfleld uniformity
at the near stall operating condition shown in Fig. 33(b). This phenomena has also been observed in data
from other LA experiments and appears to be a general behavior of transonic fans. Large passage-to-
passage fluwfield vartations have two important impacts:

(1) They generate an increased level of apparent turbulence to downstream blade rows as represented
by the rms velocity o discussed in the previous section.

(2) They make numertical flowfleld analysis difficult because there {s no single blade passage in
which the flow can be considered to be representative of the flow throughout the blade row.

Unsteady Flow Features In Isolated Rotors

The capture mode of data acquisition allows detection of flow fluctuations with frequencies which are
not integral orders of the once-per-rev frequency. One example of this capabtlity is the detectton of
vortices in the blade wake as inferred from the double-peaked probability density distribution shown in
Fig. 25. Another example of this capabiltty is shown in Fig. 34. which is taken from Ref. 19. The
bimodal nature of the probability density functions shown in Fig. 34 indicates an oscillation of the rotor
passage shock about the mean location shown in the upper pari of the figure. The bimodal p.d.d.'s
obtained in windows C and D are due to the fact that these windows 1ie upstream of the shack part of the
time and downstream of the shock part of the time.

Blade Row Interactions

The unsteady flow features just discussed occurred Yn Ysolated rotors where the flowfieid should
nominally be axtsymmetric and steady in the rotor relative frame of reference. When a rotor is followed
by a stator, the flowfield 1s unsteady and nonaxisymmetric in both the relative and absolute frames of
reference. An investigation of the pertodically unsteady flow through a stattonary blade row therefore
requires a circumferentia) survey across one blade pitch in the stationary blade row. The array of survey
tocations used during the experiment reported in Ref. 32 to investigate the flow through a stator located
downstream of a compressor rotor is shown in Fig. 35. Note that a tota) of 128 survey points were used
in order to survey the flow at 15 axial Tocations, which represents an eightfold increase in the number
of survey locattons which would have been required 1f the flow was axisymmetric. Data acquired at each
piteimise location must stil) be tagged with the rotor rotationa) position. By plotting the veloctities
measyred at each axial and circumferenttal locatton for a given rotor rotational position one obtains a
snapshot of the periodically unsteady flow through the stator. Figure 36 Y1lustrates this procedure for
three different pitchwise locations of the rotor relative to the stator. Turbulence intensity is chosen
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as the plotted parameter in this case in order to clearly define the rotor wake location. The rotor wake
is sheared as 1t convects through the stator passage due to the fact that the velocity is higher on the
suction side of the passage than on the pressure side of the passage. A similar analysis of turbine vane
wakes passing through a turbine rotor has been reported in Refs. 30 and 33.

The above investigations were performed in single stage machines. Measurements acquired within a
multistage axia) flow compressor using the laser transit technique have been reported in Ref. 34. The
application of the LFA technique to a high speed multistage axial compressor will be discussed in this
Symposium by Willlams (Ref. 35).

CONCLUDING REMARKS

During the last 14 years laser anemometry has been shown to be a viable technique for obtaining
detadled internal flow measurements from within the hostile turbomachinery environment. Advances in
optics, electronics, and computer technology during this time have led to the availability of commercial,
of f-the-shelf laser fringe and laser-transit anemometer systems for use in turbomachinery investigations.
Future advancements in LA appltcations wil) therefore depend on improvements in the following areas:

(1) The efficient acquisttion, analysis, and display of the large amount of data which can be pro-
duced during LA appliications,

(2) Measurement of the radial velocity component which usually lles in the line-of-sight direction
of the LA system,

(3) Acquisition and analysis of data from within multistage turbomachines,

(4) use of flow visualization techniques such as holography and trace gas tnjection to scope global
flow features in order to reduce the number of physical locations at which LA measurements must be
acquired,

(5) Accurate measurement of turbulent and periodically unsteady flow fluctuations in turbomachinery
in order to accurately assess the relative importance of random and coherent fluctuations,

(6) development of optical) techniques for measurement of thermodynamic properties which can be used
in conjunction with the LA technique to yleid simultaneous measurement of velocity and density, pressure,
or temperature.
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TABLE 1. - NUMBER OF MEASURE-

MENTS REQUIRED FOR 95 PERCENT

CONFIDENCE LEVEL [N MEASURED

MEAN VELOCITY AND TURBULENCE
INTENSLTY

[Ny = number of messurements
required for 95 percent con-
fidence that the measured
mean velocity is within Cy
percent of the true mean
velocity; M,, = number of
of measurements required for
95 percent confidence that
the measured turbulence
intensity is within Cys
percent of the turbulence
intensity; V'/V = turbu-
lence intensity.]

Mean Velocity Estimate

Desired | Turbulence level,
accuracy,| ¥'/V, percent

¥
percent 1|5 10 20

analysis of laser-transit and laser-fringe anemometer data in turbomachinery.

TABLE I1. - LASER FRINGE ANEMOMETER BEAN REFRACTION EFFECTS ACROSS

0.5 16 |400 |1600 | 6400
.0 4 1100 | 400 (1600
2.0 25 | 100 | 400
5.0 - q 16 64
10.0 - 1 4| 16

Turbulence Intensity

Estimate

A CYLINDRICAL WINOOM
Window Beam Beaa crossing | Radial shift Beam uncrossing distance
thickness, | orientation| angle at the | in p.v. loca-
in. angle, & probe volume, tion, aR Hicrons [ Mo, of | Percent
degrees degrees in, fringes | of probe
- volume
probe voiume radius = 9.5 in. Slameter
0.128 0 1.400 0.043 0 a
a5 1.403 .040 2. .28 2.4
.250 [ .400 086 0 0
a5 1.405 080 6.63 .63 5.3
-
probe volume radius = 5.0 in,
0.128 0 1.4000 0.043 L] [ o
45 1.4005 .02 19.7 1.87 15.8
<250 0 1.4000 086 o [] L)
L1 1.402% .053 39.6 3.76 .7

Desired | Mumber of
accuracy, | measure-

Y. ments,

percent N
0.5 80 000
1.0 20 000
2.0 5 000
5.0 800
10.0 200
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Figure L. - Fringe model of a laser anemometer.




Ay * dg - 208 X
L "y -2sink
v -m2~2h6cosx sin x)

m 1214
Ner A

6-19

% Lot !
ﬂ / -2 L]
D, tRZ) ® LENS e
geaM FOCAL FOCAL
; WAIST LENGTH - f WAIS

Figure 2. - Geometry of a laser fringe anemometer.
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Figure 6. - Determination of unknowns V and g using velocities V)
and V, measured at fringe orientations 8 and 8.
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components, Figure 9. - Characteristics of rhodamine 6G fluorescing dye.
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Figure 10. - Comparison of typical laser-fringe and laser-transit anemometer
probe volumes.
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Figure 12. - Existence of shadowed regions caused by blade twist.
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figure 13. - Comparison of measured and predicted
untwist at the tip of an axial flow fan at a tip speed

of 429 mJsec.
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Figure 15. = Use of small flat winc.as in radial tur-
bomachines to minimize flowpath distortions,

(3) Tip clearance distortion due to casing
curvature.
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(b} Tip clearance distortion due to flow-
path convergence.

Figure 14. - Flowpath distortions causad by flat

windows.
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direction taken by the reference beam during holo-
gram construction and cross at the desired probe
volume Jocation.

Figure 16. - Holographic correction of window refraction effects.
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Figure 18, - Assignment of measurement windows during post-test
data reduction.
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Figure 22, - Real-time display used in the NASA-Lewis LA
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(b} Streamwise distribution (view S-S) of relative
Mach number. Refinement of shock location
using additional survey locations.

Figure 23. - Use of on-line data analysis to capture
shock location in a transonic compressor.
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Figure 25. - Blade-averaged probability density distributions,
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Figure 26, - Circumferential velocity distributions across two of the seventeen measured

blade passages.

800,0
I/r dp
760.0 M #ﬂ ﬁ > I v
8 o 9
H
o 120.0 F
1 .
§ 680.0 I~ DENOTES
g I macNmuoe
640.0 [~ OF o4
60.0 L [ | J 60.0
) 0 0 e O Figure 28, - Contribution of passage-to-passage flow
i ' variations to the total rms velocity level. Passage-
A Figure 27. - Ensemble-averaged velocity distribution to-passage flow field variations generate rms
across the blade pitch, velocity oy

V. VARIATION OF V ACROSS THE BLADE
/  PITCH GENERATES RMS VELOCITY o,

]
/
/

/v
“\
- .- — MAGNITUDE OF TURBULENT
FLUCTUATION AT ONE I'STANT
IN TIME - TURBULENT FLUC-
TUATIONS CONTRIBUTE TO
RMS VELOCITY o,

VELOCTTY

Figure 29. - Model used to iNustrate various contributions to the
total rms velocity level.




4

L

L O T T I I U 1 O O | l_f
- ACTUAL CHORDWISE LOCATIONS FOR LA DATA

0. Iﬂ 0. 75;//

o SHOCK
B LOCATION
=
2 40 60
= BLADE PITCH, %
§ (a) Blade-to-blade distribution tview B-8) of relative
=S Mach number.
S 15 ROTATION
2 .~ SHOCK S
: FLOW

L3 _~ SHOCK

figure 3L. - Contour plot of relative Mach number distribution
in a transonic fan.

i1
9
o 20 ) 60 80 100
CHORD, %
(b} Strearwise distribution {view S-S) of refative Mach
number,
Figure 30. - Use of pitchwise and streamwise Mach number L8
distributions to determine shock wave focations. g [_
e
L6
/
FLOW L4
PASSAGE
(o] 1
& L2 o 15
g o 3
ROTATION 2
S Lo
=
H
£ 3 | | | | J
B o 2 M) ) 80 100
PRESSURE GAP, % SUCTION
SIDE SIDE
(a) Dampered fan, 550 m/sec.
L5
13
11
9 I T | I |
ROTATION 0 20 4 60 8 100 0 20 4 6 % 100
BLADE PITCH, %
SUCTION PRESSURE SUCTION PRESSURE
D) View fooking upstream, SIDE SIDE SIOE SIDE
Figure 32. - 30 hidden line plot of Mach number data from figure 31 viewed {b) Undamperad fan, &29 m/sec.

from two different directions. Figure 33. - Passage-to-passage flow variations in two transonic
axial flow fans.




o

6-30

AXIAL VELOCITY, m/sec

8

N/Nysax

8 2
E

\\

SN
\\\ ™,

(g} >

0% PITCH “- SHOCK

-—
ROTATION

g
I

| | | | J
) © 60 80 100
BLADE PITCH, %

{a) Blade-to-blade distribution of mean axial velocity component.

1— —

POINT A POINT D

—
1

POINT B POINT €

u h

l—

POINT C POINT F
d‘meuﬂmﬂIm‘[mm—l

]

100 140 180 20 20 100 140 180 220 260

AXIAL VELOCITY, misec
(b) Velocity probebility at points near the passage shock.,
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(a) Rotor trailing edge aligned circumferentially
with stator leading edge.
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Figure 35, - LA survey locations used to investigate the
periodicaily unsteady flow through a compressor
stator.

(c) Rotor displaced circumferentially by two-thirds
rolor pitch.

Figure 36, - Periodicaly unsteady stator flow lield
at three points in the rotor-stator blade passing
cycle. Distribution of turbulence intensity
paraite! to locat temporary main flow direction
{Tpar} within one stator blade passage.

DISCUSSION

M.G.Alwang, US
Do you make correction for particle lag in plotting velocity distributions through shocks?

Author's Reply
We do not attempt to perform particle lag corrections. In a wind-tunnel application, in which the flow might be steady
or nearly two-dimensional, one might entertain the possibility of such a correction. The problem in turbomachinery
applications is that once the flow passes through the shock. the flow undergoes additional changes due to the work input
of the blade row. It is therefore not possible to separate particle velocity effects due to pacticle lag from those effects due
to the flow itself.

J.Allan. US
My questions are related to the effects of the curved windows which were mentioned as 2 method of reducing the
physical problems assoctated with flat windows:

(1) arelens calculations run to evaluate the effects of the window curvature?
(2) how does the window affect the system calibration?

(3) how does the window affect the probe volume position”
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Author’s Reply
(1) The paper presented here by Carl Williams contains reference to a publication which deals with this issue. Richard
Seasholtz at NASA Lewis has also done work on the design of window refraction correction lenses.

(2) Flat windows do not affect the systems calibration, in other words the beams crossing angle. However, curved
windows can change this angle; a detailed analysis of the magnitude of this effect is reported in reference 20 cited

in
my paper.

(3) Both flat and curved windows change the probe volume location. The predominant shift is in the line of sight (or
optical axis) direction. For windows on the order of several millimetres thick, this change is on the order of a
millimetre. Again reference 20 contains further details on this problem as well.

C.Williams, US

Just as acc Paper 11 contains a reference (reference 1) on designing curved windows in which beam steering
problems are discussed and partial corrections are suggested.

R.Schodl, GE
You showed a slide where the fluorescent light intensity was plotted against the droplet diameter. Are these theoretical
or experimental results?

Author’s Reply
The results shown in figure 9 of the paper are taken directly from the paper of Stevenson et al which is reference 14 of
the paper. I believe that this is an experimental result, but one should check the original paper to confirm this.

P.J.Bryanston-Cross, UK
Did you explore the relationship on correlation between measured vortex shedding from the compressor blade at its
shock movement?

Author’s Reply
We did not explore any correlation between shock motion and vortex shedding from the blade trailing edge, both of
which we have observed in a transonic fan. Vortex shedding has been observed in both subsonic and supersonic
cascades. In subsonic cases, shocks are not present.

Therefore, although vortex shedding may be caused by shock motion, it is not necessarily dependent on shock presence.
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ABSTRACT » Cpe . Yoo,

The paper begins with a review of “various publications about L2F-velocimetry, fain.
emphasis is-placed’upon the important new advances of this technique. The manner of sta-
tistical data analysis of turbulent flows, including the simplified version which enables
a time-saving measuring procedure, is described in some detail. The influence of beam dia-
meter/%_beam separation ratio on the measuring accuracy and on the measuring time is
treated. The capability of the L2F-system at close-to~wall measurements could be further
improved. Results of measurements in a very small flow channel and in a small turbochar-
ger compressor rotor are presented. The 3-D version of the L2F-system was successfully
operated recently. The principle, the optical set-up and the signal processing are des-

‘cribed and some firxst results are presented.CAt the-end g comparison between laser doppler -

D)= and laser Two Focus-(L2F} velocimeters gives answers about such signal properties as
amplitude and rate, the smallest detectable particles and about the measuring time needed,
based on the probe volume dimensions.

~i-

NOMENCLATURE

a radius coordinate of laser beams

b index indicating blue

cm meridional component of absolute velocity

4 diameter of the laser beams in the probe volume
dp particle diameter

F velocity function

mean value of velocity function

focal length

LD-signal frequency

two dimensional gaussion probability distribution
mean value of velocity function

index indicating green

ZHHZOQG O
x
-~

13 corrected value of measured two-dimensional frequency distribution
,io intensity of light
axial length of the L2F-probe-volume
number concentration

Nyq value of measured two-dimensional frequency distribution
Nt Ny values of measured one-dimensional frequency distributions
Nyr/Nyr/NRri basic level of measured frequency distributions
P,Pn,go power of light
P,Py/Pt integrated probability density functions
p,p*,ptt probability density functions
Pr probability according to probe volume intensity distribution
Pg Gc probability of a successful two-beam transit
S,g separation of the beams in the L2F-probe-volume
Tui turbulence intensities
t time coordinate
u velocity vector
Wq,uz,ug carteslan components of the velocity vector u
up circumferential tip speed at impeller outlet
ug amount of velocity vector in the plane perpendicular to the optical axis
x local vector
X1,X2,%3 components of the local vector x
Xmin smallest distance of the measurement locat.on from a light scattering wall
3 angle coordinate
a,0q angle setting of the L2F beams plane

8 angle of flow vector with the plane normal to the optical axis
Y angle between the green and blue pairs of laser beams
£g measuring error effecting mean velocity

€ measuring error effecting turbulence intensities

] angle of rotating of the 3D-L2F-laser beams

P correlation coefficient

04,94, standard deviations
Te total pressure ratio

1. INTRODUCTION

In 1968, very soon after the Laser Doppler (LD) Method became known, an alternative
optical flow velocity measuring method was introduced by D.H. Thompson [1]. This method,
named "Tracer Particle Fluid Velocity Meter", is the forerunner of the kind of optical mea-
suring devices which are nowadays known as Laser Transit (LT} - or Laser Two Focus (L2F)-
Velocimeters. The idea was to measure the time of flight of tracer particles carried with
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the fluid passing through two separated, parallel, highly focused laser beams. When

he compared his method with the known LD-method, he saw the advantages of a simpler
optical set-up, simpler date managing electronics and of lower powered lasers required to
detect the scattered light of the small tracer particles.

This system (see fig. 1a and Tab. 1), however, with the fixed orientation of the two
beams in the probe volume and the way of measuring the time of flight by averaging a set
of oscilloscope traces could only be applied to flows with uniform flow directions and
very low turbulence intensities. Therefore, this method did not achieve much importance at
that time, but in 1973 three additional papers about the application of Thompson's method
were published (ref. [2], (3], ([4]). Therein, among others, new ways of processing the
time-of-flight data were described by which it became possible to a certain extent to apply
Thompson's method also to turbulent flows. This was the main reason that - beginning from
that year - a much faster development of this technique was initiated.

In order to give an overview about the first instrumentation. used by the authors
[1) to [4],the optical arrangements are shown in fig. 1. The other important technical data
were collected for comparison and are shown in Table 1.

wWhile the optical arrangements have not been modified very much, considerable develop-
ment took place on the signal processing electronics. There is one group (ref. (2}, [5) - [14))
applying correlators and photo correlators and another group which uses multi channel ana-
lysers (MCA) for the statistical analysis of the time of flight measurements (ref. [15] -
[29]). From the theoretical point of view there is no question that from its principle the
correlation analysis should be superior. However, there are comparisons made (ref. [13],
[21], ([30], [72]) which demonstrate that only at very high data rates can the correlator
prove its superiority in practice. Considering the comparatively low particle rate even in
seeded turbomachinery flows the conclusion must be drawn that in most applications
the measured cross correlation function equals completely the measured MCA-time of flight
histogram (ref. [21}). The data of both types of electronics need a further reduction which
is explained in detail in the first part of this paper.

In the past several authors have analysed theoretically the L2F-system (ref. (3], [5],
(63, (81, (13], [14]), [16], [(18), [19], (31]), [39]) in more detail. Most of the main error
sources are known today and they can be estimated quantitatively. However, there still re-~
mains a great deal of research work to be done in order to complete our understanding about
this technique.

Nowadays L2F-Velocimetry has achieved importance in the experimental fluid flow ana-
lysis comparable to LD-Velocimetry. The L2F specific fields of application are: low tur-
bulent flows, high speed, narrow flow channels.

Several L2F-Systems are on the market today (Malvern, Spectron, Disa, Polytec, TSI,
IHI) and some industrial and research organisations have built their own systems for in house
use. These systems of sometimes very different design were used e.g. for long range wind
speed measurements (ref. [10], [12], ([32])), for measurements in heat exchangers (ref. {25}),
wet steam flows (ref. [23]) and in water pumps (ref. [35], [36), [37]). There are applica-~
tions in plasma flows (ref. [34], [38]), in diesel engines {(ref. 33 ) and in wind- and
cascade wind tunnels (ref. [40]) —[43]). The widest distribution, however, the L2F has
achieved is in the field of the experimental investigation of turbomachinery flow. Numerous
reports have been published which present results of measurements in centrifugal and axial
compressors as well as turbines (ref. [14] ~ (18], [(22]), (24), [26] - [29], [44]) - [65]).

The detailed laser velocimetry data has contributed a great .leal to our improved
understanding of turbomachinery internal flow. This is exvecially true with regard to ro-
tor flows which are nearly unaccessible for conventional measuring technigues. The compari-
son with theoretical data has resulted in improved mathematical models and design proce-
dures. Increasing efforts have been made to get more and more information out of the mea-
surements. Recent measurements of turbine and compressor rotor-stator interactions were a
high point in the experimental research (ref. [66] - [69]).

Because this measuring technique has been applied to such widespread areas of research,
some of its unfavourable properties have been recognized, among which are:

- The limitation to flow turbulence intensities < 30 %
- The unfavourable long measuring time at high turbulence intensities (> 10 %)

.
Furthermore the experimentalists are now asking for more detailed results, such as:
- 3D~information about the flow vectors,

- closer wall proximity for measurement in small turbo-chargers or for tip clearance flow
research.

This demonstrates that a further development of the L2F-technique is required. There
are some new ideas and some new improvements in the context of this technique which can
help in the future to overcome the mentioned problems and to further extend the range of
applicability. In a main part of this paper an overview about this new developments will be
given. Another part will deal with a comparison between LD- and L2F-Velocimetry based on
consideration of the probe volume geometry. To complement and complete the publications
issued to date, the present report deals with the evaluation of the test data as they are
carried out in the Institute of Propulsion Technology.
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2. PROCEDURE FOR EVALUATING L2F VELOCIMETER DATA

The mathematical fundamentals as well as methods to evaluate two-dimensional frequency
distributions are described. In particular, however, a simplified method is presented for
calculating the magnitude and direction of the mean velocity as well as the turbulence intensi-
ties, which, though mathematically not exact, supplies results which are in general suffi-
ciently accurate for practical applications. This simplified method uses two marginal di-
stributions (integrated two-dimensional frequency distributions), which can be determined
by a special, time-saving measuring procedure. Both L2F-systems with correlators and L2F-
systems with multi channel analysers can generally be operated as required by this
procedure. Then the evaluation procedure is valid for both systems.

2.1 Mathematical fundamentals
A turbulent flow field is described by means of statistics by the probability density
p (Ui, Uz, Uy, X1, Xz, Xy, t) (1)

where the velocity vector u (x, t) is considered as a random variable (ref. [70]). ui, u.,
u, are the velocity components in Cartesian coordinates and X1, X,, X, the Cartesian coor-
dinates of the position vector x.

If considerations are limited to constant, turbulent flows, the time-independent pro-
bability density:

p {(u, x) du; du, du, (2)

then indicates the probability that at a fixed position x the components of the velocity
vector are within the range u: + dv,, u; + du, and u, + du,.

The position-dependent mean values F(x) for any arbitrary velocity function F(u) are
calculated according to

+ -
F=[[[F (w p (4, x) du, du, du, (3)

it being understood that the normalization condition

+ - (1)
N f p (4, x) dus du: duy = 1
is wvalid. -

Using the L2F velocimeter, the components of arbitrary velocity vectors u lying in the
X1, X2 plane can be measured for direction o and magnitude u, (see fig. 3). So, for example,
the mean value and/or the expected value of the velocity component uy is cbtained from

g = ft[:f u; p (u, X! du, du, du,; etc. (5)
For two-dimensional velocity functions, e.g.

F(u) = Flui, u;), (6)
eq. (3) can be transformed to read

- + o +o
Ftx)= [ [ Fluy, u,) ([ plu, x)du,] du, du, (7

By means of this equation it is possible to show an essential requirement imposed on
two-dimensional velocity measuring methods. Complete information about all velocity func~
tions, e.9. those defined in the u,, u, plane, will only be obtained if a measured two-di-
mensional probability density function p*{(ui, u., Xx) fulfills the condition

pes
p tu,s wa, %) = | plu, x)du, (8)
-

This means in practice that theu, and u, components of all velocity vectors u that
occur must be taken into account, even for large u, components. Hence the axial Tength "1"
of the probe volume measured in the direction of the radiated laser beam {x; direction)
must be selected to be sufficiently large. In the L2F system, the length of the probe (:1)
is selected to be approximately equal to the separation of the two beams (1 * &) so that eq.
(8) is satisfied up to turbulence intensities of < 30 % (see fig. 2).

There applies

u, cos a = u; (9)
u, sina =,

Transforming eq. (7) into polar coordinates and using eq. (8) and eq. (9), gives
PhE )

Foxde [ [Fta,u)p*ia, u,, x) u, du, da (10}
o0

L

’
A e~
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Furthermore, the L2F process does not record the velocity magnitude u,, but the time
t which a particle takes to cover the distance between the start and stop laser beams
namely:

- 8
t = . (11)
where s is the spacing of the two beams in the probe volume. Transformation of eq. (10)
using eq. (11) leads to
_ 27 +e + s?
Fix) = [[Fla, tip (a, t, x)gr dt da (12)
o0

Eg. (12) is the basic equation for evaluating the L2F test data; here, also the normaliza-
tion condition

2N+ . a?
[ [ p e, £, 0)Er dt da = 1 (13
o0
must be satisfied.
2
At a fixed position x the expression p*{u,t,x) ET dt 4 indicates the probability -
that the direction of the flow velocity lies in the &ngular range a to a + da, and its 1

magnitude u, in the assigned time window t to t + dt.

Now the test data Hj4 supplied by a L2F system must also be assigned to this proba-
ij Y

bility. For time measureménts to be assigned to a test point of the flow velocity, the .
values are stored and ordered in the time window tj to ty + Lt. Such frequency distribu-

tions are obtained for different angles j of the plane Of the beams. Those velocity vec-

tors are covered whose directions o are within an angular range uj to oj + Zu. This an- 4

gular range f4u is defined by the geometry of the probe volume (ratio of beam diameter d
to the beam spacing s). Hence the frequency H;; is a measure of the probability of the
velocity within the time window ty to ty + At gnd angular range 1j to aj + da. There
applies:

s

H, - p' (e, ty, 0% At aa )

Hi. - g?
) . . ST -
P p (ui’tl' §)t’ At Aa {13) {
1 Hyey
1=1j=1
If the integration in eq. (12) is replaced by a summation, we get by using eqg. (15):
il
F (a, t)H, .
L i}
- _ i=1 3=1 (16
F(x) = ? g !
H. .
i=1 j=1 1) 1

Due to two errors, the frequency distributions N;. measured in practice initially are
not equal to the distributions H;j. First, as a resuie of uncorrelated time measurements,
a basic level Np; occurs which is”constant against the time axis (see fig. 4) and second.
the distributions are distorted by the fact that high-velocity particles are recorded

in greater number than particles of lower velocity. The two errors are corrected by the “
relation
P (17)
3
s/t
/ J
Thus the final formula for evaluating the L2F data reads:
n N w |
i ri‘ F (a, tj)—ﬂ———c—R—j‘- :
Flg) = i1 3=1 n s /% J
3 i - Npy (18)
=1 §=1 s / tj

As examples, the velocity functions for various mean velocity values are listed in Table 2.

The magnitude of the mean velocity is calculated using

\’_1 2
u, = Uy + u, t19)

‘/h‘
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and the angle oI the mean velocity wath:
a = arcty %i (20)
ul
the turbulence intensity with:
fu, .
Tu, = —— (21)
1 N
“xL
Reynolds' shear stresses with:
(uy - 0,)(us - Ui} (22)
uj
skewness of the distribution with:
0 )
(ui - ui)
— Y (23)
ftu; = u))
and the degree of flatness with:
(u, - u,)*
i i
—— (24)

= 112
[{u; - ap) ]

2.2 The evaluation of two-dimensional frequency distribution

Evaluation of the test data by means of the formulas derived in chapter 2 proves to be
particularly easy if the test data is very large in quantity and if the selected time and
angle intervals for the discrete frequencies Nj3 are very small. The summation formulas can
be directly applied to the test data without any noticeable errors. Only the summation li-
mits have to be determined.

When there is need to measure the mean velocity vector and also the moments of the
velocity distribution function with great accuracy a large gquantity of test data is re-
quired. It can be shown by statistical theory that, if the same accuracy is required,
the quantity of test data must increase if the moments order is increased.

In practice, however, because of restricted measuring periods the test data, especially
the number of angle settings of the beams plane, is limited and the summation formulas can
not directly be applied. By means of two-dimensional interpolation procedures, the test
data can be approximated guite well, and sufficient support points can be established for
the summation. In this way additional summation error can be avoided.

The reliability of these approximation methods is only assured if the frequency di-
stributions have only small statistical fluctuations, i.e. if the fregquency distributions
are mostly continous against the time axis and if the frequency distributions per angle
setting do not fall below a minimum number: If the accuracy requirements are not too high,
especially if the moments are of no higher order than 2nd, 6 - 8 frequency distributions
measured at different angle settings with 500 - 2000 test data points each are needed in
practice.

If measurements remain below these values, the statistical uncertainities of the indi-
vidual test data Njy increase and approximation of the frequency distributions by means of
two-dimensional, ofgen very complicated, interpolation procedures becomes more unreliable.
Then the errors due to the approximation exceed to a no longer negligible extent the accu-
racy which is determined by the guantity of test data.

Improving the approximation of the two-dimensional test data and hence reducing the
necessary test data quantity is only possible if the characteristic two~dimensional shape
of the velocity distributions in a flow is known. In this case, by approximating the test
data with known functions, it is possible to increase the accuracy of the calculated mean
values compared with the one given by the test data. In practice, such detailed information
about the flow to be investigated is usually not available.

3. NEW DEVELOPMENTS OF THE LZF - TECHNIQUE

Measuring-time-reducing computer-controlled-processing of the LD- as well as the L2F-
technique is nowadays used with all turbomachinery applications. By applying the so-called
“Multi window operation”, that is the quasi simultaneous measurement at multiple circumfe-
rential locations, an additional reduction of measuring time could be achieved (ref. [18]).
This main part of the paper will give an overview of other developments for time saving
methods to achleve closer wall proximity and the extension of the L2F-technique to 1D-ve-
locity measurements.
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3.1 Determination of the components of the mean veiocity and the turbulence intensities
based on marginal distributions

In numerous flow investigations, and this applies particularly to turbomachinery, the
variables required are the components of the mean velocity vector and, possibly, also the
turbulence intensities. Further information on the flow which is included in the two-
dimensional frequency distribution - e.g. Reynolds' shear stresses, skewness and distri-
bution excesses - often is of little interest in these investigations.

In such cases it seems to be inefficient to provide two-dimensional velocity distri-
butions whose measurement involves considerable effort and then to use only a fraction of
this information content. It seems sensible to see whether the mean velocity values of
interest can be determined using far less complex test data than two-dimensional frequen-
cy distributions.

Based on the two-dimensional probability density, the mean velocity values are cal-
culated in Cartesian coordinates p*({u,, u:, x) according to eqg. (3) and eg. (8).
- re +
F () =ffFw, uldp (uy, ua, x)du, dus (25)

The component u; of the mean velocity vector is e.g. obtained from
+ .
ur(x)=§ fus p luy, w2, x)du, du, (26)

If p* (uy, u,, %) 1is integrated to each of the two velocity components, we get two one-
dimensional distributions which in statistics (ref. [71)/pp. 119 ff.) are known as margi-
nal distributions, namely:

o
Py (ur, x) =_fmp+(u|, uz, x)du; (27)
and
to
Paluz, x} = [ p (ay, uz, x)du, (28)

As will be shown later, these two one-dimensional marginal distributions contain suf-
ficient information for determining some selected mean velociiy values.

If - e.g. in eq. (26) - the two-dimensional probability density in the double inte-
gral is replaced by the product of the two marginal distributions and if we put
_ +%
g(x)={fus Py(uy, X)P2(u2, x)du, du, (29)
it follows:
- +o o
gix)=[Pz(uz, x) [uy Py(uy, x)du: du, (30)

Using eq. {(27) we get
_ +eo +o "
gix)= sz(Uz-E)fo|P (u1,uz,%x)duy du, du,
— -
_ +m
and eq. (26) gives g(x)=[ Pa{us, x)0y (x) du;
_ +o
= uy(x)[Pa(us, x) du.
-
Taking into account eq. (28) and the normalization condition

1+

f p" (uy, ua, x) duy dup =1
.

it follows that:

3 (x) = @ (x) 31

In the same way it can be shown that to determine the mean value of the velocity com-
ponent u, and for the moments of second order (u; - T:})7 and {u, - W,)’ necessary for tur-
bulence intensity calculations, the two-dimensional probability density can be replaced by
the product of the two marginal distributions. This does not, however, apply to Reynolds'
shear stresses, the excess,and the skewness of the distribution, but as mentioned above,
these mean values are not of interest in most applications.

It is sufficient if we have two one-dimensional frequency distributions as test data.
These can be provided with substantially less measurement efforts (see below).

e e . _am
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With L2F, the time of flight "t" and the flow angle "o" are measured, and not the
Cartesian components u:i, u, of the velocity vector. For the u,t coordinate system, the
above considerations cannot be verified with mathematical exactness and errors must be
anticipated if calculation of the mean velocity values is not based on the two-dimensio-
nal frequency distribution (see eq. 12)

2

p++ (a, t, X) = P’ (a, t, x) E— (32)
but on the marginal distribution

P, (a, x) = Z. Pt (@, £, wiat (13)

P, (t, %) =2£n ** (a, t, x)da (34)

To estimate the error, a model calculation was performed. The theoretical frequency
distribution was assumed to be the two-dimensional Gaussian distribution:

1 1

G(uy,uz,%x)s ——————r * exp.[- ———
2ng, 3,/ =p? 2¢1~-0%)

(35)

. <(U1‘Gv;_2°u|'ﬁ| uz-u; +
°| 1 aZ 2
by which, as is shown by experiment, most of the frequency distributions measured in real
flows can be approximated. The components of the mean velocity vector u; and u, and
the turbulence intensities:

o2
22Uy,
o

T“‘=°|/'G:+Gz and Tu1=u‘/4;:+u:

are exactly known, as is Reynolds' shear stress, which is determined with . as the corre-
lation coefficient according to
-1 -2
o 9, "0 / (uy + uz)
The function G (ui, u,, x) can be transformed into the function G (o, t, X) by sub-
stituting the relations u, = % cos @ and - % sin a.
Taking account of the factor s?/t’ which is obtained due to the coordinate transfor-
mation in the double integration, we get the frequency distribution

1
p*+(a, t, xi= 35 G(u.=§ cos a, Uz=§ sin a, x) (36)

which is recorded by a L2F velocimeter if a velocity distribution according to eq. (35)
exists in the flow.

The mean velocity values (see Table 2) calculated with eq. (36) according to

= 2 v+
Fix)=[fFla, &) p {a, t, x) da dt (37)
o0

are of course in agreement with the mean values already known.

Integration of p**la, t, x) according to eq.'s (33) and (34) gives the two marginal
distributions which were used for calculating new mean values according to:

2N
PR(§)=£ {F (@, t)P,{a, xIP (t, x)da dt (38)

As anticipated, the mean velocity values F_{(x) calculated in accordance with eq. (38)
differ from the exact values calculated using e§. (37).

The relative error of the components of the mean velocity and the turbulence intensi-
ties is plotted for various turbulence intensities and correlation factors in fig. 5. Up
to turbulence intensities of 20 %, the relative error of the velocity components is less
than 1 & and of the turbulence intensities less than 5 %&.

Errors in agreement with these theoretical results occur if, using frequency distri-
butions measured by experimentation, the mean velocity values are calculated in accordance
with two different methods. Such small test errors can be tolerated in most applications
and particularly in turbomacihinery investigations, where the abplication specific test
errors are of the same order of magnitude. This shows that the marginal digtributions in
a, t coordinates are also sufficient for determining the components of the mean velocity
and the turbulence intensities with an accuracy satisfying pracitcal requirements.
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Experimental determinatrion of the marginal distributions is as follows:

From a preset (estimated) angle setting ai, of the plane of the beams, velocity and or
time-of-flight measurements are made and the test results N,_ 3 stored in the multi-
channel analyzer (see fig. 6). Measurement is completed as éosﬂ as the particle counter

has recorded a preselected number of start events (particles which have passed through the
start beam). The angle of the plane of beams is now set to a, = a1 + Aa and measurement

is continued, with the new measurements Nj., 3 being added to the stored data within the multi-
channel analyzer. Hence curve 2. At the tﬁird angle setting o, = a; + 280 and all fur-
ther a? = a; + (m-1) Aa , the measurements are performed in the same way. After completion
at the final angle setting, the distribution th is obtained which corresponds to the mar-
ginal distribution Pg{t,x):

m
N, . = I N (39)

t3 i=1 i3
i.e. the two-dimensional frequency distribution integrated over the angle.

The areas beneath the individual distributions represent the total number of events
recorded per angle setting. These are recorded by means of an additional counter. Now:

N N (40}

1

ne~3

i T, i3

j J
The distribution Ngj is the two-dimensional frequency distribution integrated with time
and corresponds to the marginal distribution Pu(“'ﬁ' (Representation see fig. 7).

This measurement takes considerably less time than the basically similar measurement
process used for determining two-dimensional distributions. The reason is that a very small
number of measuring events are sufficient per angle setting. The strong statistical noise
of the individual distributions is largely reduced by the integration and even 30 to 50
measured events per angle setting provide very distinct marginal distributions.

In order to get the same accuracy, we need for the representation of a two-dimensiconal
frequency distribution 6 to 8 one-dimensional distributions of the same quality measured
at different angle settings, with 500 to 2000 test points within each. Practically, the
time for measuring a single one of these distributions is about equal to the time required
for determining the marginal distributions.

A particular advantage is that during this time for measuring the marginal distribu-
tion, which is substantially shorter compared to the total measuring time for two-dimen-
sional distributions, about 20 - 30 different angle settings can be realized. The result
- as already mentioned in chapter 2 - is that not only the number of the support points
for the time range, but also that for the angular range is sufficiently large to replace
by a summation the integration necessary for determining the mean velocity values. Hence
interpolation functions are not required in general.

From the test data Ng; and Nyy we get the marginal distributions necessary for deter~
mining the mean velocity, values taﬂinq into account the noise level N¢p, Ngr., the error
due to the particle integration,and the normalization condition according to:

N . -N n N_.-N
ptt, x=tlER ¢ _E] R (41)
] s/t =1 s/t
and
m
Polag,x)=(Nj; = N o)/ 1 (N, ~ N ) (42)
1=1

Both the components of the mean velocity vector and the turbulence intensities are calcula-
ted in accordance with:

m n
F(x)= 121 321 F ooy 650 (£, 0P (0 ,x) (43)

3.2 Influence of flow turbulence on the L2F data rate

The L2F-Velocimeter can only be applied to [lows with turbulence levels smaller than
30 $. The reason 1s that at high turbulence intensities the varying velocities approach
to a non negligible extent zero velocity, which can not be measured. Therefore error will
occur when mean values have to be evaluated on the basis of an incomplete histogram.

Another, more practical, reason is that the measuring time increases with increasing
turbulence intensities and becomes remarkable long at turbulence intensities exceeding 25 %&.

The relation between measuring time, flow turbulence and probe volume geometry has
been derived by some authors (eg. ref, [13], [65]): however, the gaussian intensity

T T U - - —a -
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distribution was not taken into account.

Due to the ratio of beam diameter and beam separation in the L2F probe volume, a cer-
tain angle interval is determined within which particles moving in different directions
can intercept both laser beams and contribute to the time of flight histogram positively.
The probability for successful interception of both beams is not equally distributed within
this angle range. Because of the gaussion intensity distribution the signals from particles
passing through the centers of the beams have a much higher amplitude than those from par-
ticles passing through the margins of the beams (see fis. 8). The intensity distribution
Jdescribed by a2

Y]
I . _4 2(z)? (44)

—_— = == e

Io /2T 4

is a measure of the probability of successful crossings. With the assumption

2a + _2a (45)

@ = a, = arc tan S S

and the fact that for flow direction a = a, the probability must be 1, we can write

_ {a - }?
L L - e 29 (46)
with

%a = g5 (47

Eq. (33) describes the probability that a turbulent flow has a certain flow direc-
tion. In good agreement with real measurement we can assume that this distribution has a
gaussian shape. Then the normalized relation is

(o - ag)?
1 1 T ot

p la) = c— e a (48)
® /2T a
with
Oy ® arc tan ——%i——— ¥ arc tan Tu, = Tu;, = Tu; = Tu (49)
£

assuming isentropic turbulence.

Let us assume that the beams plane is just oriented in the direction ay. Then we
get the probability of successful time of flight measurement by

+o
Psucc = {w P“(u) ) PI da

to 1 _ (o - ag)? (0@ +?a’)

= {w = Toa ® 2+ oa’ . od da
1
a -
Psucc = = = = 01+ %— Tu )?) 2 (50)
J/od? + ool

The results are shown in fig. 9. The typical L2F probe volume has a beam diameter to
beam separation ratio of about 10/350. In this case at 10 % turbulence intensity the_.pro-
bability of successful interception of both beams is only 13 8. When increasing the g ratio
this value can considerably be improved. However, simultaneously one systematical erFor
does increase which effects the beam spacing. In fig. 10 this situation is shown. A par-
ticle passing the beams' centers travels a distance S. But if it tangentially touches the
beams as illustrated in the figure the distance travelled is S'. These two distances are
related by the equation

8' = § . cos arc sin % (51)

Substituting the beam dimensions the error g was calculated:

. S -8
8

€g = = 1 - cos arc sin g (52)
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For an error < 1 % the d/s ratio must be smaller than 0.14 = 10/70.

Another limiting condition for the d/s ratio is the lowest measurable turbulence in-
tensity. This effect can be explained with the help of fig. 11. If a lamrinar flow with no
flow angle variations is assumed, the orientation of the beams plane can uLe selected within a
certain angle range which depends on the d/s ratio and measurements can then be taken. A P,
distribution with a certain variance od = 4y results indicating a turbulence which does not
exist in the flow.

If eq. (45) describes the real p, distribution which exists in the turbulent flow,
then the distribution measured with a L2F-system is:

o _fo = ag)? (o - aj)
P - f : L. 20a - e 2 od da (53}
ajmeas Lo VIT oa
It can be shown that the variance Sy meas of this new P“i meas distribution is
- S ST T 53T
9% meas - ¥ Y%a *+ od (54)

From eq. {46) it follows that

Tu meas = / Tuz + ( & )? (55)

s

The error & of turbulence measurements is determined by

. T meas - Tu _ d 2 y1/2 _
€p = Ty ——— 1+ « ssog ) ) 1 (56)

Since the geometrical properties of the probe volume (d/s ratio) are known, one can
reduce the measured turbulence intensities to get the true values by means of eg. (55). This
can be done with sufficient confidence as long as od < Tu. The maximum d/s ratic then is a
function of the lowest turbulence intensity to be measured, i.e.

g = 2 Tu (57)
: 10
One gets: a/s < 0.03 = 330 for T™m = 1,5 %
and d/s < 0.14 = %% for Tu = 7 %.

When the maximum d/s-values are inserted in eq. (50), the successful two-beam transit
reaches

psucc =71 %

independent of the flow turbulence. From this result, it can be seen that the L2F-mea-
suring time can be minimized when the probe volume geometry is adapted to the flow tur-
bulence {(in LO velocimetry the probe volume must be adapted to the maximum mean flow ve-
locity).

3.3 A L2F-System for near-wall application

Due to the high intensity concentration in the probe volume, the L2F~technique is
known to be a very powerful tool when applied to near-wall measurements. The minimum
distance from a scattering surface perpendicular to the beam axis depends on the
system design and is typically about 1 mm.

In the high pressure components of turbomachines the flow channels become very narrow.
very small flow channels can be found in small sized turbochargers of automobiles. The
diffuser channel depth there is in the range of a few millimeters. Other areas where
measurements are required very close to walls are boundary layer research at hub and ca-
sing and investigations of tip clearance effects.

For this kind of application an improved gystem was developed. The parameters determi-
ning the wall proximity Xnmin are

1. the diameter of the beams in the probe volume d. From the formulae published in ref. (8]
and {17), one can derive:

Xpin = A d+B -, (58)

2. the aperture of the receiving optics, the separation of the receiving beam path from the
laser beam path, and the quality of the optics used,
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3. the arrangement of field stops and apertures
4. and the number of optical elements used especially in the receiving beam path.

In fig. 12 the beam path is shown. The diameter of the beams was chosen to be 4 = 8 um.
The receiver optics F are diffraction limited. The diameter is 110 mm, the focal length
350 mm. By the field stops H the total receiver aperture is reduced to 70 %. The received
scattered light beams are enlarged by the lens J in order to allow proper adjustment
of a dual aperture K. Polarization elements L together with specially designed
field stops H reduce very strongly the so called cross talk (ref. [45]) between the beams.

In fig. 13 the power received by the photodetectors is plotted against the coordinate
z which is zero in the probe volume center. An anodized aluminual plate perpendicular
to the optical axis is used as a scattering surface and is moved through the probe volume.
The photo detector response compared to the laser beam power in the probe volume demon-
strates the high spatial resolution of this device.

Tests were carried out within a very small rectangular flow channel as shown
in fig. 14, The channel width along the optical axis of the measuring system was only
3,8 mm. The probe volume was traversed in y- and z-directions. The results of these mea-
surements are shown in fig. 15 and 16, demonstrating the typical flat velocity profile and
the thin boundary layer which 1s due to the strongly accelerated flow {area ratio about 10).
The results from both the traverses agree very well, indicating that in spite of the very
close wall proximity no significant measuring errors were introduced. The smallest
achievable distance from the black painted backwall was 0.1 mm, that approaching the
inner window surface was 0.2 mm. The windows were clean and not antireflection-coated.
The test ailr was unseeded laboratory air. When approaching the wall closer than 0,6 -~ 1 mm
the threshold level of the signal discrimination had to be increased and bigger particles
were selected for the measurements. The detected power level of scattering particles of
different diameter is shown in fig. 13 on the right margin of the plot. Particles of about
0,5 um in diameter might be detectable at 0,3 mm from the wall.

As an example of the applicability of this measuring device, the results of one of the
first measurements within a turbocharger centrifugal compressor rotor of 96 mm cuter dia-
meter are shown in fig. 17. Measurements were made at 70 % of the meridional length of the
rotor flow channel, the rotational speed was 51,500 rpm, the massflow 0.4 kg/s, the pressure
ratio n¢ = 1.3. The distribution of the meridional components of flow velocities normalized
by the outer diameter circumferential speed shows the rather potential theoretical charac-
ter of the flow. Only in the region of the casing wall can a breakdown, indicating a star-
ting wake region be observed. Near to the hub the measurements could be made down to a di-
stance of 0.3 mm. To approach the casing window closer than 1 mm, however, was not
possible. During these tests the window had to be washed after every measuring cycle. By
this washing procedure they did not get as clean as they were originally. We believe that
small dirt particles disturb the incident laser beams much more at measurements close to
the window than close to the hub. Near the window, the diameter of the laser beams at
the window inner surface location is very small - only some 10 um - and therefore the
disturbances caused by a small dirt particle is more severe than in the other case. More
sophisticated cleaning procedures are necessary to avoid this restriction.

3.4 The three-dimensional-L2F system

Since the L2F velocimeter measures the magnitude and direction of the flow vector
component in the plane perpendicular to the vertical axis, it is considered to be a
2d-measuring system. When two 2d-velocimeters, separated from each other by an angle Q as
shown in fiq. 18, measure at the same point within a flow, one gets, two different 2d-ve-
locities from which usually all three components of the total velocity vector can be
calculated. To get sufficient resolution the angle Q between the two devices should be not
much smaller than 30 deg. This very ususal method of conducting 3d-measurements requires rather
large windows which are very difficult to install in the often strongly curved turbomachi-
nery casings,

In 1980 we found a new method for applying the L2F-principle to 3d-flow analysis. The
first prototype based on this method was operated successfully in 1981. It is a com-
pact device by which the transmitted laser beams as well as the received light pass through
one collimator lens of nearly the same aperture as used in 2d-L2F systems. Therefore this
3d-method does not require larger windows.

The principle of this method can be explained with the help of fig. 19, where the beam
path from the collimator lens on the left side up to the probe volume is schematically
drawn. The 3d-system consists basically out of two 2d-L2F systems of different color.

The upper pair of parallel lines correspond centerlines of a blue system, the lower
ones to a green system. All four beams are strongly expanded at the collimator location
and they are focused down to about 10 um in diameter at the probe volume location. The
beams 1g, 1b and 2g, 2b intersect in the points A and B respectively. The points A and B
and the optical axis determine a reference plane by which the intersection angle 2Y of the
blue and the green pair of beams is divided into two equal parts. The two pairs of beams
and therefore the reference plane can be rotated around the optical axis (angle ¢). In
this way the intersection point B moves around a circle while A remaine fixed.




Now, let us assume an arbitrary flow vector u. The reference plane is adjusted by
turning the blue and green pairs of beams to such an angle ¢m that the vector u lies just
within this plane. The straight line X, connects the two points A and B and is the inter-
section line between the reference plane and the plane perpendicular to the optical axis.
Line x, and the velocity vector u include the angle B. The component of the u in the di-
rection of the optical axis then is |u]| - sin 8. -

One necessary supposition for successful L2F-measurements is the fact that the flow
vector must lie within the plane of the beams, the measuring plane. In the case shown in
fig. 19, the planes of the blue and the green pairs of beams intersect in the straight line
xi. The vector u which is in the angle bisector plane is neither in the blue nor in the
green measuring plane. Therefore u cannot be measured at that orientation ¢y of the refe-
rence plane even if we assume a sufficient long extension of the probe volume in the
direction of the respective pair of beams. A small clockwise turning to ¢g will bring u
into the plane of the green beams and successful measurements occur with the green system
and none with the blue. A counter clockwise rotation ¢p brings the flow vector into the
blue measuring plane and now this system operates and the green one does not.

With the green and the blue systems the same velocity component was measured

Cp = Cq (59)
however, different angles ¢4 and ¢, were detected. The angle difference is positive increa-
sing when B8 increases and négative for negative angle 8. If B equals zero i.e. u is in the
direction of x:, then both the blue and the green system detect the same angle. Conside-
ring the geometrical situation the following relation can be derivated

sin( Qg_i_ih_ )

8 = arctan —mm™——————— (60)
tan Y
¢, lor c_)
lul b g (61)

cos { _Qg_%_Ih_ ) - cos B
o = 2o %o (62)

The angle Y formed by each of the pairs of beams 1g, 2g9; 1b, 2b with the optical axis
is in practice limited. It is possible, by using spherical optics, to obtain an angle Y of
approximately 6.50°. Fig. 20 illustrates the change in the angle difference ¢g - ¢p as a
function of the angle §, given an angle Y of 6 _5°. It will be seen that this curve is
substantially linear, so that readily measurable differences ¢q - ¢b are obtained
even when the angles B are small.

The accuracy in the angle measurement by the L2F method depends to a large extent
upon the probe volume dimensions (d/s ratio), upon the number of measurement data gathered,
and upon the degree of turbulence in the flow. When turbulence is small (< 5 %) uncertain-
ty in measurement is 0.1° to 0.2° and when turbulence is great (> 10 %) it is 0.3° to 0.5°.
Thus, uncertainty in determinating the angle B is 0.4° to 0.7° when turbulence is small,
and 1° to 2° when turbulence is great.

The relation between the 3d-velocity-fluctuations and the shape of the measured fre-
quency distribution has not been derived till now, since the consequent further develop-
ment of this 3d-method was interrupted due to other activities. It also seems to be a very
complicated relation and it may take some time until it can be completely understood. In
order to overcome this situation, tests can be carried out in flows of known turbulence in-
tensities and from the results, empirical correlations can be deduced which might be use-
ful to give a first estimation about the turbulence intensities.

A complete set of electronics is required for only one oi the two systems of diffe-
rent color in order to deliver one flow angle ag and the velocity component cgy, which
equals Ch. For the other system, only the second flow angle ap must be registgred and a
much simpler set of electronics is sufficient. Since the differences of the measured
angles ag - ap are very small, the number of various angle positions of the measuring plane
need not be increased significantly over the number needed for 2d-measurements. Therefore
the measuring time of the 3d-technique will not be significant.y longer.

The optical setup used with the first prototype system is shown in fig. 21. The follo-
wing numbers indicate: 10 and 11 beam expander, 12 dicroitic beam splitter, 13 )/4 plates,
14 and 15 laser line filters, 16 double hole mirror, 17 Rochon prism, 18 image rotator
prism, 19 collimator lens, 22 dichroic mirror, 23 mirror, 24 lens, 25 microscope objec-
tive, 26 pin hole, 27 laser line filter, 28 Rochon prism, 31,32 photomultiplier.

First measurements made in a flow of selectable, known flow direction have proved in
general the 3d-measuring principle. However, the theoretical relation between the measured
angle difference a, - ap and flow angle B (see eq. 60) was not in good agreement with the
measured data as sgown ?n fig. 20. Practically the system was somewhat less sensitive to
8 ancle variations than theoretically predicted. The reasons are not fully understood and
require additional future research. It is easy to understand that this method is limited
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to 8 angles smaller than 45° because of the limited axial length of the probe volumes.

A short test period in a transonic axial compressor has demonstrated the applicabi-
lity of the 3d-L2F techniques to turbomachinery flows. However, also a severe limitation
of this first dd~device was discovered: near~wall measurements were posesible only down
to distances of about 10 mm. The light scattered from the surfaces of the numerous opti-
cal components, especially from the inner surfaces of the image rotator prism, was res-
ponsible for this limitation although all parts were antireflection-coated.

At the end of the last year, we restarted the 33-L2F development work and we believe
that the capabilities of the first prototype can be improved in the future.

4. LD/L2F COMPARISON

Although the L2F as well as the LD methods have been well established in experi-
mental fluid flow research, the discussion about their applicability range continues.
Comparisons have been carried out which were based more on theoretical considerations
than on experimental results (see ref. (8}, (13}, [17]1, (42), (44}, [72])). Agreement
exists today that in general the L2F system has important advantages when applied
to small flow channels with high speeds and low turbulence intensities and that the LD-
system is superior when the application consists of low speed flows of very high turbulence
intensities.

In practice, the flow to be analysed cannot always be clearly classified as being
one of the two flow situations considered. Both velocity measurement methods can be ope-
rated over rather wide ranges which do overlap to a great deal. Therefore it often be-
comes a problem of weighting the different properties of the systems in order to decide
which is better suited. The results from the following comparison can perhaps be used to
simplify such decisions. The comparison is related to the probe volume geometries (see
fig. 22) and the properties of the data acquisition electronics.

The LD-velocimeter measures the velocity component perpendicular to the plane of
the fringes u, which can be calculated from the signal frequency fp and the fringe di-
stance Sf according to

u = £, S . (63)

With the L2F-Velocimeter the velocity component perpendicular to the beam axis and
parallel to the respective a-setting of the plane of the beams can be registered by using
the time-of-flight measurements t and the known beam separation S according to

u o= g (64)

The numerous data of both systems usually will be arranged as one or even two dimen-

sional velocity histograms which are the basis for further data reduction and statistical
mean value calculation procedures.

The electronics used today for the LD signal analysis, i.e. counter, correlator and
frequency tracker can only analyze signals with doppler frequencies lower than fpp. =
50 MHz. When measurements in turbulent flows are considered, the system must be able to
measure at least two times the mean velocity. With eq. (63) and a given value of Sg,

f
= . -Dbmax
Unax ) Sg . (65)

Furthermore, the LD-signal should exceed a certain length or a minimum number of pe-
riods of the amplitude variations, Npj,, which corresponds to the number of fringes in the
probe volume. Frequency shifting, not very usual at high speed applications, is not con-
sidered. The diameter d of the LD probe volume is thea determined by Np;, and Sg:

dmin = 8¢ " Npyn t66)
From eq. 65 follows the relation which determines the probe volume geometry as a func-

tion of Upax

- min -
dnin = 2 Fo - Umax (67)

For the processing of L2F signal correlators, counters and time to amplitude conver-
ters (TAC) in connection with multichannel analyzerg can bg used. Correlatora and counters
are digital electronic components with time resolution of 10 °seconds. The TAC is an analog device
with a time resolution of about 10”10 seconds. A time resolution of 10°8 seconds is nor-
wally - sufficient for accurate measurements even at high speeds. At speed of u = 500 m/@
and beam separation of S = 0.35 mm the possible velocity error ¢ is smaller 1 %. This error
will only increase with higher speeds and smaller beam separations only by

= U ~ - —-—G
€ = e-— = time res. 5% * (68)




Therefore the conclusion can be drawn that L2F probe volume geometry need not be
adapted to the highest measurable flow speed.

Such other reasons as the laser power required for small particle detection and the
necessity of near-wall measurements determine the diameter of the probe volume, for which
about 10 um is recommended. In order to minimize the measuring time, the d/s-ratio should
be based on the flow turbulence according to eq. (50)

- 25 1,=1/2
Poucc = U1 * (=g ™)h
For comparison we have chosen two LD and two L2F systems, the latter optimized for

40 % successful two beam transits

(69)

LD L2F
1 U, = 500 n/s, T, ¥ 30 % 1) T, % 3%, U %500 m/s
Sf = 20 um d = 10 pm
d = 500 um S = 350 um
2) Up,, = 100 m/s, T,= arbitrary 2) T, 6%, U 500 m/s
Sf = 4 pm d = 10 um
da = 100 um S = 70 um

The highest intensity in the probe volumes, taking in account the gaussian intensity
distribution of the laser beams, wascalculated (see ref. [72])) by using

16 - P 4 + P
= ____ﬁ_n_ = ____1£L
Imax nd Tnax T d
with the power of the laser used P, of 1 Watt we get Imax
1) 20 W/mm? 12,700 W/mm?

2) 510 W/mn?

The result is: in order to get an equally good signal quality from the same particle,
the first LD-system needs 625 times and the second LD-system 25 times more laser power
than the L2F systems.

The power P( scattered from particles of diameter d,, scattered in pure backward
direction into collecting optics of a £ # of 3.7 related to the laser power Pg is
calculated by

Py = Po + A - IB - d . (70)

The probe volume diameter d must be inserted in pm. The value of A equals 1 for L2F- and
4 for LD~systems. The magnitude of Ip depends on the particle diameter. It is plotted in

fig. 23. With a fixed probe volume geometry, the power P; is proportional toc Ig. As the

shape of the curve in fig. 23 indicates:

I - d; (71)

B

The power ratios P /P, of the different systems were calculated for some selected
particle diameters and shown in table 3.

The ratio of the smallest detectable particle diameters was derived by combining
equations (70) and (71), i.e.

d

p . 1, %0 1/4

a e lztT ) (72)
P L2F

If we assume the smallest detectable diameter for L2F systems to be 0.15 um {compare
with fig. 13) the first LD system will recognize varticles of 0.75 um and the second LD
system those of 0.35 um in diameter.

In several applications, the drawback that LD-velocimeter are restiicted to bigger
particles can be compensated by the use of high power laser. When the L2F-velocimeter is
operated with a power of 0,2 W, the smallest detectable particles are about 0.2 um in dia-
meter. The second LD system requires a power of 5 W for the detection of the same small par-
ticles, while the first LD system needs 125 W which is not available in todays lasers.

With a 5 W laser the first LD system will detect only particles bigger than 0.5 um in diameter.

However, in flow situations where background flare is important, the use of high power
laser will not improve the situation, since not only the signal amplitude but also the back-
ground flare increases.

The calculation of the background flare often is very difficult. Too many parameters
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e.g. the quality of optics, position and design of field stops etc. affect the determina-
tion of the measuring positions closest to a wall. The most important parameters, how-
ever, are the probe volume diameter and the f-number of the receiver lens used. Calcula-
tions were carried out on the basis of relations which were published in ref. [8). A con-
focal backscatter optical device with a receiver lens of a f-number of 3,5 was considered.
For comparison, all other optical components in the systems considered were kept identical,
except for the apertures which were adapted to the respective probe volume diameters. The
results in fig. 24 show the related received power scatter from a surface which is moved
along the optical axis (x-axis) beginning from the probe volume center. A black anodized
aluminum plate was considered to be the scatter surface.

At that position on the axis where the received scattered light power becomes zero
the closest possible wall position is determined. We £find:

Xnin ~ a. {73)

These theoretical results agree quite well with the experimental results in the case
of the L2F system (see fig. 13) and will also predict gquite well the xpin value for the
LD systems. However, in well designed LD systems another kind of field stop design, from
which smaller xpyjpn values can be expected, can be more efficient than that considered.

In order to estimate the particle rate, wemust consider the volume flow through the
probe volume, i.e.

V=a-1-.u (74)
with 1 the axial length of the probe volume. If Ny is the number concentration per unit
volume of particles with greater diameters than d, the particle rate Rp follows,

RP =V -Nd=d-+1.u- Nd

In the following the axial probe volume extensions of the different systems were
assumed to be:

L2F : 1 = 0.3 mm 1) 1D : 1 = 3 mm
2) LD : 1 = 0.6 mm

(75)

As long as the flow is artificially seeded with particles big enough to be detected

by all systems, the data rate Rg, which is
Ry = Rp * Pouce (76)

(see fig. 9), depends only on the probe volume dimensions. Results of example calculations
are shown in Table 4. Pgycc was assumed to be ! for the LD-system, and takes values accor-
ding to fig. 9 for the L2F-systems. The other parameters were chosen to be u = 300 m/s and
Ng = 1000 particles/cm®. The LD-systems show significantly higher data rates in these kind
of flows with particles all bigger than about 0.7 um. In view of their streamline following
behavior, such big particles can be tolerated only in weakly accelerated flows.

In highly accelerated flow particles smaller than 0.5um are required. These, however
cannot be detected by the first LD system, which is designed for high speed application.

When measurements in unseeded flows are considered, the situation is different. From
the Junge distribution of particles in atmospheric air follows

-4
. d 77
Nd o (77}

The smallest detectable particle dp results from eq. 70 and 71 (LD: A = 4; L2F: A = 1)
yd’ (78)
dp -~ by

By inserting eq's 77, 78 and 75 into eg. 76 we get:

= e d -1 .u-.3 . .
Rd = Pguce d 1 u o oar N3o do? (79)

Rd ~ 1/d4

Ngo is a reference number concentration, d, the probe volume diameter of a L2F-refe-
rence system. With the assumptions do = 10 um, N9, = 3000 particles/cm® and u = 300 m/s,
the data rate was also calculated. Equal powers o? the laser used were also assumed.

The results shown in table 5 indicate very similar data rates as long as those L2F-
systems optimized to the respective turbulence intensities are considered. If the first
L2F system for low turbulence application is used in flows of about 15 % turbulence inten-
sity, the L2F data rate is only 1/10 that of the LD-systems. This is eqguivalent to a
10 times longer measuring time.




In summary the most important factors which influence the applicability of a veloci-
meter are:

~ The highest acceleration within the flow to be measured., The following behaviour
of the particles determines the greatest particle diameter which can be tolerated.

- The smallest distances from surfaces where measurements must be taken.

- The flow turbulence intensity.
- The highest velocity to be measured.

- The number distribution of particles in the flow, seeded or unseeded.

5. CONCLUSION

The development of the L2F-velocimetry was described and an overview of the published
literature was given. A procedure for evaluating the flow mean values from the measured
data was described and a simplified method was introduced which enables a time-saving mea-
suring r:ccedure. The dependency of the measuring time on the d/s ratio of the L2F probe
volume was demonstrated. Two newly developed L2F systems were intoduced: a system well
suited for measurements in very narrow flow channels and a 3-dimensional L2F-system. On
the basis of probe volume geometry considerations, the different characteristics of two
LD- and two L2F systems were compared. In general, the paper has described some new de-
velopment in L2F velocimetry. There are some other very promising ideas for further de-
velopment of this technique. One is to replace the two spots with two light sheets in
order to get higher data rates, especially in turbulent flows. This system is in develop-
ment at Onera.

Another exiting idea was introduced by L. Lading {(ref. [73]). In his system, each
spot is replaced by two spots of different linear polarization. The scattered light from
the two double spots is detected by four photodicdes. With this configuration gquasi time
filtered signals can be obtained, which should enable a much better pulsecenter determina-
tion and a reduced background noise.

Future developments will deal with the further extension of the range of applicabili-
ty of the L2F technik in the field of optical velocimetry.
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3
! 1968 1973
F= D.H. Thampson L.H.Tanner L.Lading R.Schodl
L ref 11 2] (31 [ 4]
' Title of the Tracer Particle |Particle Timing |Correlation Laser Dual
L first Timing Veloc - laser Veloc - Anemometry Beam Methed
[ publication neter metry
!
)
spot size 40 um 5 pm 100 ym 12 um
bear semaration S mm 1 mm 10 mm 0,4 m
Je Ne He Ne He Ne Ar and He Ne
laser vower 0,5 mw 0,5 and 10 mw 100 and 5 nw
optical fig. 1a Fig. 1b Fig. 1c Fig. 1d
1 arrancerent forvard forward + forward backward
backward
no angle turning capability with angle
turming capa-
bility
velocity ramge 20 m/s > 200 m/s 0-5m/s <50 avs
T Application windtunnel Windtunnel two phase tube flow
flow in sim- Axial com-
lated fluel rod | pressor mentioned
electronics Oscilloscope Oscilloscope Correlator statistical
or data analysis
Counter ( 1aC, MCA )
theoretical
considerations none none in much detail none
angle setting fixed fixed fixed several angle
settings
kind of data mltiple multiple one dimensional | two dimensional
Oscilloscope Oscilloscope correlation probability
traces traces function histogram
— u, v
results a u a Tu, Tv
Table 1: Characteristical data of the first L2F-Velocimeters
F(x) Fla, t)
u, % cos a
a, f: sin a
uy, - anh (-:— cos a - G )"
(u; - a2)" (£ sina - G)"
{uy = uy) - (uz - Qa) (% cos & = Uy} (§ sin a -~ Gi)
Table 2: Velocity functions F(a,t) for various mean velocity values




Table 3:

Table 4:

Table 5:

PR/Po=hA.IB.Qd>
ap . (o 1.0 0.7 0.5 0.3 0.15
-7 8 -8 -9|8,0. 15"
1) {1.6.10 3,8 . 10 1,0.10%8 1,3, 15980
LD e - - —
20 l4,0.10% | 1,0. 107 2,5.1077|3,2. 18] 2,0. 107
L2F 1,0.10% | 2,4.107% 6,3.10° 18,1 .107|5,0. 108

Power scattered

power.

from particles of different diameters related to the laser

data rate . s u = 300 /s Nd = 1000 particle . au ’
U L2F %)
1.) 2.) 1.) 2.)
33 390 830 4.5 . 10° 1,8 . 10!
15% 90 390 4.5 . 10° 1.8 . 10!

Data rate as can be observed in flows which were seeded with particle bigger

than 0.7 um in diameter.

data rate . s u = 300 /s Ndo = 3000 particle . am ’
U L2F D
1.) 2.) 1.) 2.)
3% 1160 2500 2200 2200
15% 270 1150 2200 2200 !

Data rate as can be observed in flows of unseeded atmospheric air.
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Fig. 18:

Fig. 19:

Fig. 20:
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Fig. 21: Optical beam path of the 3d-L2F system
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DISCUSSION

R.L.Elder, UK
Would the author like to comment on the various data process ors available for Doppler anemometry? Their sensitivity
and speed are ditferent, and the choice is important for a particutar application.

Author’s Reply
The [.D-L2F comparison is based on considerations about the probe volume geometry only. If optical systems with
equal sensitivity of the receiving optics are considered. the comparative data are related to the signal amplitude of
photodetectors of the respective systems. The different SNR (Signal to Noise Ratio) of the different LD electronics used
for the signal processing have not been taken into account in this comparison.

P.Hutchinson, UK
What is the dependence and magnitude of the incorrect count number (arising from different particles passing through
the two beams) on the turbulence intensity?

Author’s Reply
The incorreet count numbers can be identified by a statistical data analysis. By this way of processing, the incorrect
count numbers generate @ base line in the measured probability histogram. This base line data will be subtracted from
the histogram data before the data are used for further reduction. Therefore the incorrect count numbers will not affect
the turbulence intensity or any other kind of velocity mean values. The calculation of probability of successful two
beams transits does not take into account these incorrect count numbers.

W.G.Alwang, US
How sensitive is the L2F system to the ability to maintain diffraction limited imaging in practical systems. i.c. in the
quality of optic. windows. gas density fluctuations, ete...”?

Author's Reply
There are no doubts that L2F systems are more sensitive against disturbances in the optical beam path than 1.D
systems. The reason is that the laser beam is focused down in the probe volume 1o only 13wy LI systems have much
bigger probe volume diameters. Therefore all optical components including the casing window must be of high quality.

B.Lakshminarayana, US
The 3D system you described is a very e«citing system,
(1) Did vou take any measurements in an axial or centrifugal flow compressor. including radial velocities?
(2) What is the smallest radial velocity component you can measure?

(3)  Did you compare your [.2F data with hot-wire data?

Author’s Reply
(1) We checked this 3D prototype at first on a free jet, as [ told you in my paper. We also did rieasurements in an axial
transonic compressor. The main drawback we found was that we could not approach the window or the hub at a
distance less than 10 or 15 mm due to strong background flare problems, Further developments are necessary.
(2) This instrument does not measure a velocity component, but provides data on angles. Depending on the
turbulence intensity, for low turbulence levels an uncertainty of 0.2° is obtained and in worse situations 0.5 or 1°
which anyway corresponds to low radial components.

(3) We have no experience with hot wires.

A.Eckbreth, US

How serious, typically, are refractive cffects which cause steering of the laser beams and result in a variable (and
unknown) separation of the laser foci?

Author's Reply
Refractive cffects in the beam path will suscly have effects on the position of the probe volume. However, the axes of the

two converging laser beams are so close together that disturbances do affect both beams in the same way, so that the
beams separation is ncarly unaffected.
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::::::> SEEDING GAS FLOWS FOR LASER ANEMOMETRY

A. Melling
School of Mechanical Engineering
Cranfield Institute of Technology
Cranfield, Bedford MK43 OAL, U.X.
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This paper reviews the seeding of gas flows for laser anemometry. The specification and
determination of the size of seeding particles to ensure both an adequate response to velocity changes
of the flowing medium and a sufficient light scattering capabtlity are examined critically. A
compromise between these conflicting criteria %;, generally given as an upper limit on acceptable
particle size, expressed as the diameter of an’ '"equivalent” spherical particte. Problems arise in
defining and quantifying this equivalent diameter, generating particles of suitable size from a given
materfal, measuring the particle aize distribution at the generator exit, and determining the size
distribution actually seen by the laser ter. R dations are made for particle generators,
sizing methods, and {nterpreting the significance of quoted particle distributions for laser anemowetry
purposes. —

‘/‘/

LIST OF SYMPOLS

a speed of sound u velocity fluctuation
d particle diaseter [ slip velocity
cP parameter in Eq.(2.5) v visibilicy
CD drag coefficient
f focal length a scattering parameter in Eq.(4.2)
E(w) energy spectrum X wavelength
I, 1 intensity A fringe spacing
Kn Knudeen number u viscosity
) mean free path w turbulence frequency
[ ] index of refraction G golid angle
Ma Mach number 4 density
pld ) size distribution function k] scattering angle
r 4 radius 3 phase angle
Re Reynolds number
St Stokes number Subscripts
t time f flutd
(i instantaneous velocity P particle
t turbulence

1. INTRODUCTION

Satisfactory flow tracking capability of scattering parcicles 18 essential for rellable velocity
messurements with laser anemometry. The requirements for scattering particles in this respect are more
severe for gas flows than for liquid flows, because the density ratio of suspended particles {s much
higher. Because the concentration of naturally occurring particles of suitable size for adequate
scattering intensity is typically very small in gases, seeding of additlonal scatterers into the flow is
almost always essential.

Early vork on seeding gas flows for laser anemometry was reviewed i{n references | and 2. Attention
was given to the specification of the maximum size of scattering particles as determined by the
aerodvnemic dehaviour of spherical particles, and methods for generating suitable aerosol particles and
for determining their size were suggested. Reference 3 took account of improvements in aerosol
generators and sizing methods specifically for laser anemometry. Other aerosol generators and sizing
techaiques with specifications on particle size near those determined by aerodynamic size criteria were
also considered, where modification to scceptable specifications appeared possible.

The present paper updates the preceding reviews and considers some remaining deficlencies {n the
tools avatlable, particularly with regard to non—-spherical particles. Section 2 discusses the deter-
mination of a limicting size on the basis of the serodynamic behaviour of aerosol particles. Section 3
deals with wethods of particle generation. Section 4 coneiders sizing techniques. Conclusions are
given {n Section 5.

2. SPECIFICATION OF SCATTERING PARTICLES
2.1 Introduction

In gases the concentration of naturally occurring particles which are large enough to scatter
suffictently strongly for useful laser anemometrv signsla {s in moat cases unacceptably low. 1t {a
necessary to seed additional scattering particles {nto the flow, and for these the question ar{ses,
whether they are small enough to follow the gas flow falthfully. The aerodynamic behaviour of a particle
depends on {ts inertis and the drag force; the light scattering hehaviour depends on the particle shape,
surface srea and refractive index. A common parameter determining both the aerodynamic and optical
characteristics of the particle i{s its size or diameter.

- -




A size requirement will be specified according to the maximum diameter of particles which will
follow the local, time-varying fluid velocity within a prescribed tolerance. The motion of particles
suspended in a moving fluid is {nfluenced by their shape and si{ze, the relative density of particle and
fluid, the fluid viscosity, the number of particles per unit volume, and body forces. All analyses of
the particle m~+rion assume spherical particles. This is a good assumption for liquid droplets, but poor
for most solid »jarticles which tend to be {irregular aggregates of smaller particles. Interference
between particles is also neglected, thus placing a limit on the maximum concentration to avoid
collisions between particles under the influence of aerodynamic or electrostatic forges. The highest
scattering particle concentrations achieved by artificial seeding, e.g. 10'° to 107" m 3, are, however,
too low for such interference effects. Centrifugal body forces may be {important, e.g. in turbo-
machinery.

2.2 Particle Motion Equation

The most important influences on the particle motion are the particle diameter d , the particle and
fluid densities p andp_, and the viscosity . An analvsis of the relative motion of particle and
fluid (reference %) vie{ds the equation

xd}  dl, wd?  d0) L gp 3 ‘4v 4
4 LG L S Ui L P el L G (z.1)
e Pa - Y v e p 776 M dt 3% VI | & Vi ¥
Cd
where t is the time, §_ and 0, are the {nstantaneous particle and fluid velocities, and V =1 - U

s the instantaneous rBlative'velocity, The first two terms represent the force necessarv to Rccelerate
the sphere, and the viscous drag force given by Stokes' law. Acceleratinon of the fluld leads to a
pressure gradient force in the third term. The fourth term is the resistance of an {nviscid fluid to
acceleration of the sphere. The first, third and fourth terms combined give an accelerating fnrce
equivalent to that an a sphere whose mass is fncreased bv half the mass of the displaced fluid. The
last term represents ths ‘' .z force arising from non-steadv flow. Fxternal forces have bLeen neglected.

Stokes' drag law applies to creeping flow pas* a sphere, when the Revnolds number based on the
relative velocitv, i.e.
peltla,
Re = —
P "
is less than [. Alternative drag laws are necessarv in compressible flows nr at low fluld densities,
for example. An additional assumption in Eq. (2,1} i{s the existence af homogeueous, time-invariant
turbulence. The particles are supposed also to be smaller than the turbulence wicroscale and to be
siurrounded always by the same fluid molecules: a large relative disnlacement of particles and flaid is
thus not admissible as a solutien.

(2.2)

For gas flows JD/D >>1, so that Eq. (2.1) can be simplified to

U s
—p 18 (g - U). (2.
dt o, d¢ for
pp

More generally, a vector equation can be written as

f

U]
- 2,40
. (@ -8 ‘
dt % P
18y
where C = 4 2 (2.5
PP
C. 1s a drag coefficient which denends on the Revynolds number Re , the Mach number Ma_ = v a and the
Knudgen numbe- Knp = V/dD: a s the speed of sound and ° is the'molecnlar mean free hath.

2.3} Particle Motion in Turbulent Subsonic Flow

Chao (reference 5) solved Eq. (2.1) for turhulent subsenic flow by relating the kinetic energies of
particle velocity fluctuations u? and fluld velorttv fluctuatfons uB with the energy spectrum ¥( . Y ot
turbulent fluid fluctuatlons of Padfan frequency . When An’.fsxl, the relation rakes the form

Y

2
% f E(u) 4,
C

f

£q. (2.6) indicates that the higher frequencies of the turhulent ftuld mofinn are attenuyated in the
enecgy spectrum of the particle motinn, In reference A, this equation was solved far a3 theoretica
turbulent flow with the following energv snectrum:

2 1
E{w) = ——--- -

Mg 1+ . . b
which approximates a measured turbulence energy spectrum in pipe flow. romhbinatt~n nf Fg. (.h) and
(2.7) vields the ratlo
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plotted in figure | for various values of C. Small values of C correspond to large particles of high
density and are seen to result in poor response to the turbulent fluctuations.

Instead of solving for time-mean quantities, the particle response can be quantified by the
{nstantaneous awplitude ratio }Up/Uf] and the instantaneous phase angle ¢ of the relative motion of
particle and fluid as {n reference 7.

By specifying a limit of, say, 0.99 for :r?ﬁ_for |0 /0 | , it 18 possinle to deterwine the paximum
allowable particle diameter for a given densi{ty ratio © © .. Such calculations, e.g. references | and
2, indicate an upper limit of | ¥um diameter for seedingppariicles in gases, when the density ratio is
of order 1000, This "rule of thumb" has frequently been accepted without analysing the particle morton
in the particular flow under study, although tts validity often merits closer examination.

2.4 Particle Motion in Supersonic Flow

in supersonic flow it 1is important to determine the velocity lag of particles during strong
accelerations e.g. through a supersonic nozzle (references 8, 9), a normal shock (reference 10) or an
oblique shock (reference 11). The drag coefficient CD in Eq. (2.4) is specified empirically or
semi-empirically, e.g. references 6, 8.

An cxample of the particle motion across an oblique shock is shown in figure 2 for a 10 degree
wedge with an upstream Mach number of 1.5, Eq. {2.64) was solved using the drag law indicated on the
figure. Figure 2 shows the distance downstream from the shock necessary for particles of giver size to
decelerate to the gas veloeity. | um particles <equire a 12 mm relaxation distance. Only particles
smaller than about 0.3 upm achieve rapid recovery after the shock.

The rule of thumb for maximum particle diameter in supersonic flow 1is about 0.3 um from such
calculations. Shock tube experiments (reference 12) support this figure®' dust particles were
accelerated from rest to nearly 200 m/8 {n about 4 us.

2.5 Further Studies of Particle Motion

Calculations of particle dynamics as in sections 2.3 and 2.4 provide guidelines about the size of
spherical particl.s suitable for laser anemometry scatterers. Such calculatfons could, of course, be
made for speciffc flow configurations and densitv ratios, e.g. in a cascade of turbine aerofoils
(references 13, 14). For more extensive analysis of particle dynamic behaviour, reference should be
made to studies of solid particle trajectortes through turbomachinery, e.g. references 15 to 17,
concerned with erosion by particles impinging on tie blades.

Solid narticles are generally non-spherical unless formed by freezing, and are often loosely packed
agglomerates of smaller grains. A realistic geometrical model for such agglomerates would probably not
be feaslble, and the formulation of a drag coefficient hLaving general utility 1is unlikely to be
achieved. It would, however, be int2resting to see whether trends for the e:"ect of non-sphericity on
the drag coefficient 2ould be established from simple cases e.g. two or more spheres of equal diameter
cigidly Iin contact. Estimates of the maximum sphere diamecer for velocity tracking of a flow within a
given tolerance are in any case conservative when based on Stokes drag. It is thus possible that the
rules of thumb of sectlons 2.3 and 2.4 cuuld be relaxed for highly non-spherical particles.

Two areas of current research interest deserve attention with regard to particles.

. For lagser anemometry in two-phase flows, it 18 necessary to determine the velocity of both the
continuous phage and the particulate or bubbly phase. The analysis of deposition or of particle
migyration tn a combined aerodynamic and magnetic field, for example, requires the determination of a
size-velocity correlation with »he particle shape as a possible additional important factot.

. In mixing studies, both velocity and a scalar property e.f. temperature or species concentration
are to be determined, by coabining laser anemometry with methods such as Raman speccroscopy (reference
18), Mie scattering (reference 19) or CARS (reference 20).

3. AEROSOL GRNERATION
3.1 Isntroduction

Specifications for aerosol generatoi« for laser anemometry in gases are exacting:
maximum part’~le diameter as determined {n section 2

ideally monodisperse aerosol (uniformly sized pargicles)

aerosol concentration greater than 10 particle/m” for adequate signal rates
stable delivery rate.

* S 00

The techniques of air blast atomization (liquids or suspensions) and fluidization (solids in powder
form) have proved to be the best (but by no means easy) methods to meet the adbove requirements. Other
methods 1nclude condensation generators, ultrasonic atomizers (reference 21) and chemical reactions.
Condensation generatora such as that of Sinclair and La Mer (see reference 22) produce highly
mcnodisperse aerosols of flne particles, but the rate of particle generation is low. Chemical reactions
teni to provide a very unsteady rate of particle generation. The reaction between titanfum
tetrachloride and water vapour in an air stream hes, however, been used with gsoae success (reference 23)
to produce ritanium dioxide particles in flames. For solid particles, a rotating brush generator {s
avallable: a densely packed powder {n a cylinder is pushed by a piston steadily towards a rotat! g brush
which scrapes particles off the top of the charge {nto an air stream blown through the brush.

3.2 Generation of Liquid Aerosol Particles
Simple Al- Blast Atomiser

The characrteristice of a variety of compressed air nebulizers are compared in reference 24. A
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aimple design for low velocity LDA experiments is shown tn figure 3. A high velocity stream of gas from
nozzle 8 shears a thin liguid file from tube A, causing it to rupture into droplets. The small droplets
in the spray follow the gas flow out of the atomizer, but large droplets tend to strike the walls of the
atomizer chamber ard drain back {nto the reservoir. Ato-lutﬂdaf this deslsn work satisfactorily with
ailicone oil, seeding air flows to concentrations of over 10 particles/m”, with a mean dismeter of
aboutr 2 um.

Lagkin Atomizer

Detailed constructional and operational information for the Laskin atomizer has been given {n
reference 25. In this atomizer (figure 4) air is blown through 4 holes in a tube into the liquid to be
atomized. These four jets draw liquid through vertical holes drilled in a ring as shown, to produce
air bubbles containing finely atomized droplets. As the bubbles rise to the surface, the dronlets are
released and carried away in the air stream. An impactor downstream of the generator {s desirable to
remove the larger atomized droplets. The flow rate can be increased by the simple expedient of
combining several tubes in the same tank.

Avantages and Disadvantages of Atomized Droplets

Advantages:

. steady rate of production

. spherical particles

L] particle diaweter can be regulated by driving pressure

. continous atomizer operation for many hours without maintenance

Disadvantages:

[ polydisperse aerosol

. droplets not useful at high temperatures

. droplets deposited on test section windows coalesce into f{lms which distort the laser beams.

3.3 Generation of Solid Aerosol Particles
Atomization of Suspensions or Solutioms

If solid particles are suspended or dissolved in a liquid they may be dispersed by atomization.
Suspensions have been used to seed flows in rotating machines with PVC particles (references 26, 27),
flames with aluminium oxide (reference 28) and supersonic flow (reference 29)., Atomization of
suspensions &llows generation of particles at a steady flow rate and concentration. In atomizing a
suspension of monodisperse solid particles, the droplets are initially polydisperse:; but the aerosol
formed after evaporation of the suspending liquid will be monodisperse if no droplet contains more than
one particle. To minimize the probability of obtaining two or more particles in one droplet, very
dilute suspensions must be used: since most of the resulting droplets are empty, the resulting aerosol
concentration is thus very low. 1If, however, the original solid particles are several times smaller in
diameter than the maximum desfred particle, higher suspension concentrations may be employed since most
coagulates will remain smaller than the limiting diameter.

In generating solid particles from solutions, the particle diameter wi'l depend on the inittal
droplet diameter and the concentration of the solution. Thus a polydisperse droplet distribution will
yield a polydisperse solid particle distribution. Difficulties in atomizing very small droplets are,
however, avoided because solid particles smaller than | pm may be formed by evaporation of droplets of
mich greater volume.

Fluidised Beds

Fluidized beds have been used frequently in laser anemometry experiments where solid particles are
required. 1In its basic form (figure 5), a fluidized bed contains a powdered material held in suspension
by an upward fiow of gas. Some of the smaller particles from the bed are entrained by the gas stream
while larger particles which are temporarily ejected from the surface of the bed fall back again under
gravitational force. 1In practice, satisfactory and steady operation of small fluldized beds is very
difficult to achieve. The ease of dispersion depends ~n the particle shape and hardness, and on the
humidity of the gas and powder: smooth, hard, dry particles fluidize more easily than rough, soft, woiat
particles, although extreme dryness can inhibit diaspersion because of electrostatic forces. Fluidized
beds allow a high production rate and concentration. Partlicles produced, however, are {rregular in
shape and size as a result of agglomeration. The resulting mean particle diameter may be much larger
than that of the eriginal particles forming the bed. The delivery rate {s generally unsteady,
especially at low flow rates. Short term unsteadiness arises from air pockets {n the bed which rise to
the surface and rhen burst, discharging a high concentration of particles. Long term unsteadiness {s
caused by intermiitent partial blockage of flow passages, or by the formation of large lumps fn the bed.
The design of fluidized beds tends to be a matter of experience, but reference 30 provides some useful
guidance.

In an effort to improve on the conventional fluidized bed, especially with regard to steadiness of
operation, a kind of two-phase bed has been developed (references 31, 32), containing a mixture of beads
and the powder to be dispersed. The beads, e.g. glass or bronze, have a diameter between 100 and 200

vm, and are much larger than the other particles which distribute themselves over the surface of the
beads. Grinding between the beads breaks up agglomerates, and the relatively free air flow in the
spaces between the beads minimizes the likelihood of large air bubbles. Fine particles are freed from
the bead surfeces in regions where the air velocity i{s locally high and are carried sway by the air
atream. The aerosol concentration increases with the air flow and the powder concentration in the bed.

Another alternative to the normal fluidized bed is the cyclone aerosol generator used (reference
33) to seed flames with Al,0, powder of 0.1 to 1.0 um basic particle diameter. In this generator a
swirling atr flow similar to ‘that in a2 normal cvelone is used to entrain powder from the bottom of the
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cyclone cylinder. For concentrationas exceeding about 109 particlu/-a, the ras unsteadiness in particle
concentrations measured over successive 10ms {ntervals was only 6% of the mean concentration.

Mvantages and Dissdvamtages of Solid Particles

Advantages:
L metsl oxides are suictable for seseding high temperature flows
. solid particles deposited on test section windows cause little disturbance until the attenuacion

becomes excessive.

Disadvantages:

. polydisperse aerosol

. unsteady flow rate and aeroscl concentration with most generators

] difficult to seed flows where static pressure exceeds external pressure
[ ] @08t generators require frequent maintenance.

4. PARTICLE SIZE DETERMINATION
4.1. Iatroduction

To ensure that the scattering particles present in a flow are small enough to follow the fluid
motion using the criteria of section 2, the particle size distribution function p(d_) should be known.
The size distribution should ideally be measured in the flow where the velocity mesBurements are to be
wade. Alternatively a sample could be withdrawn from the flow through an {sokinetic probe. Size
distributions measured at the generator exit will not indicate any changes between the generator and the
measurement volume through agglomeration or deposition of particles.

Particle sizing techniques which use properties of the Doppler burst signal are difficult and/or
expensive to implement (section 4.5) Alternative methods applicable to the size range 0.l to 3 m
which {s of most interest i{n laser anemometry include microscopic, aerodynamic and optical techniques
(sections 4.2 to 4.4). Particle size normally refers to the diameter of an aerodynamically or optically
Yequivalent" sphere.

4.2 Particle Sizing by Photomicrogrphy

Since direct photography of particles is limited to diameters exceeding 5 um, Bmaller particles
must be collected from the flow on to a substrate for photomicrography. To ensure that the method of
collection does not dias the size distribution, particles must be sampled from the flow isokinetically.
A probe incorporating a removable grid of very fine copper whiskers for collecting sub-micron particles
(figure 6) 18 described fn references 6 and 34.

Unlike most other methods, a photographic record provides {nformation on the particle shape as well
as its size. Interpretation of such photographs is tedious, however. Manual sizing by comparison with
a mask ts likely to lead to biased estimates of particle diameter. Even with automatic sizing of
spherical particles, several thousand particles must be registered to minimize uncertaintv in the size
distriburion.

4.3 Aerodynamic Particle Sizing
Cascade Tmpactor

In an impactor, an aerogsol is accelerated through a nozzle and impinges on a plate where particles
which are too large to follow the sudden change in flow direction are deposited. In a cascade impactor
a eseries of such nozzle-impactor plate pairs is used, with the nozzle size and the distance of the
nozzle from the impsctor progressively reduced so that the acceleration in each stage is increasingly
severe, in order thst particles of decreasing diameter are deposited. A wide size range (e.g. 0.05 to
25 um) is messurable simultaneously and rapidly; but with a practical nuaber of stages, e.g. 10, the
size resolution {s rather coarse. A mass-weighted rather than number-weighted size distribution is
obtained.

Particle Response in Supersonic Flow

The possibility of using particle velocity measurements in supersonic flow, for example, in a nozzle or
through an oblique shock, as a means for sizing the particles depends on the snalysis of section 2.4.
The practical realization of this method was demonstrsted in reference 9 using the flow through a Mach 3
conical notzle, where size distributions based on 20'000 to 50'000 sampler could be obtained in runs of
under | sinute duratfon. A very stesdy flow whose velocity distribution is accurstely specified from
thermodynamic relationships is essental, since any variations in particle velocity arising from
unstesdiness would be interpreted as particle sige variations.

Particle Respomse ia Subsocaic Ylow

The aerodynamic size distributions of particles in the range 0.5 to 10 um are obtsinable using an
serodynamic particle sizer (reference 35). Using a simple forward-scstter laser Doppler or dusl focus
snemometer, the velocities of aerosol particles injected through a 0.5 - | mm nozzle into a stream of
filtered air are measured. According to their size, particles leaving the nozzle require different
distances to adjust their velocity to that of the filtered air atream (200 m/s). A particle, therefore,
crosses the fixed messuring volume with a velocity depending only on ite size. The size-velocity
relationship te determined by calibration with monodisperse aerosols of DOP or latex particles between
0.8 and 10.0 \m.
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4.4 Particle Sizing from Optical Scattering Properties

The intensity { of light scattered from a beam of intensity I_ and collected through a small solid
angle is a function of the refractive index m of the particle relative to the surrounding medium, the
scattering parameter ¢ = nd /) (where ) is the wavelength of the light) and the angle of
observation 6 relative to the fhcident beam. Particularly when d ~ A , i.e. for particle diameters
of special interest for laser anemometry, the scattering propertiga ahow a very sénsitive dependence on
the particle diameter. Numerous particle sizing methods have been develoved to exploit this dependence,
and are based on matching experimental scattered light distributions with theoretical distributions
calculated from Mie scattering theory for spherical particles (references 22, 36, 37, 38).

Although these techniques are strictly applicable only to spherical particles of known refractive
index, they have been extended to non-gpherical particles when the consequent uuncertainty of the
measurement was acceptable. For example, the use of absolute measurements of low angle scattered light
inteneity to size spherical transparent particles and irregularly shaped light-absorbing particles in
the range 5 to B0 um diameter is described in reference 39. Since measurement of absolute light
intensity is susceptible to errors from background light and instrument drift, s relative measurement
may be preferable, as in reference 40 where soot particles (0.08 to 0.38 um) were sized using the ratio
of scattered light intensities at two angles 1,(8 MIAS (92)- The uncertainty in the diameter for
absorbing, non-spherical particles was estimated as i0—3dl

The instrument in figure 7 uses small angle scattering to size particles in a flow which is
optically accessible from both sides. Light scattered at an angle ¢ from any position in the particle
stream 1s imaged by a lens of focal length £ at a radius r = 8f from the axis. Intetference between
light scattered from particles of different size yields a Fraunhofer diffraction pattern of concentric
rings of high and low intensity. Using a suitable multi-element detector the intensity distribution as
a function of the scattering angle © is rapidly scanned to measure the size distribution from a moving
stream of particles. Mass— and number-weighted size distributions of solid and liquid particles in the
range 1.5 to 500 um diameter are obtainable. The technique is independent of the refractive index and
tequires no calibration (at least for spherical particles).

Optical particle counters measure a proportion of the total light energy scattered by aerosol
particles passing through a measuring volume formed by a focused light source. In general, the
intensity of light scattered at a given angle gives an ambiguous measure of particle size because of the
complicated form of the angular scattering functions. However, use of white light and a large solid
angle of collection damps out the oscillations of the response function to give an ideally single-valued
curve relating intensity to particle size. The geometry of an instrument collecting scattered light
over a large salid angle in the near forward direction by means of an elliptic mirror is shown in figure
8. For appropriate instrument design, the response depends only weakly on the refractive index, at
least for non-absorbing particles (reference 41). For practical instruments, the response curve is
found by calibration against monodisperse spherical particles of known size; a size range from about 0.3
to 5 um is accessible. The maximum concentration is limited by the requirement that particles cross
the measuring volume individually; the error arising from simultaneous detection of two particles can,
however, be estimated (reference 42).

4.5 Particle Sizing from Doppler Signal
Si; Visibilit

Information about the size of a particle is contained in the visibility of the Doppler signal,
defined as

v - Lpax ~Im1n , (4.1)
I +1
max min
where 1 and I are the maximum and minimum scattered intensities from consecutive bright and dark

fringes ﬁgure 9',1." FParmer (reference 43) considered the case of uniform fringe contrast which holds at
or near the geometric centre of the scattering volume for illuminating beams of equal intensity. The
vieibility of signals from homogeneous spheres i{s then related to the particle diameter d and the
fringe spacing ) by the equation 2 Jl (,,dp/x*) P

V= ' P

dp/l* (4.2)

where J, 18 a Bessel functfon of the first kind and order one. Eq. (4.2) indicates that the visibilicy
for spherical particles falls to zero for 4 /3 = [,22, 2.23, 3.24, etc., as shown in the solid curve
of figure 10. The oaclllution& of the vi%ibillty functlol\\’ preclude an unambiguous determination of
diameter from V alone, unless V > 0.15 corresponding to dp < My,

Equation ,\,(6.2) represents a limiting case which spplies to forward acattering from large spherical
particles (a > 60), using a very large collecting aperture and incident beams of equal intensity. 1In
references 44 and 45, scalar diffraction theory was used to extend the visibility function to diameters
as small as 1 um, with finite apertures. With a reduction in the collecting aperture the visibilicy
tends to unity, independent of the particle size, as seen in the broken curves of figure 10. To predict
visibilities of backecatter signals, the refractive index m and the aize parameter © wust be
considered, in addition to d_/ X and the solid angle of light collection  (references 46, 47).
Backscatter results shown in Yigure 11 show qualitative agreement with measured visibilities of 5.1 um
polystyrene spheres. Unlike figure 10, the visbility function shows peaks and troughs, but no reros.

Advantages:
. Measurements are made within the flow, without disturbance.
[} Cslibration {s unnecessary.
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L3 At least {n forward scatter the influence of = is small.
Disadvantages
. Determination of visibility requires a good signal - to - noise ratio and is subject to operator
bias in the selection of signals.
. The method has been tested only for monodisperse particles moving at low velocity or held

stationary in a moving fringe system.

An inetrument based on these principles is described in reference 48.

Signal Phase Differencee

For spherical particles of diameter in the approximate range 1 um to 3 mm, it is possible to
obtain size information from the phase difference between the Doppler signals detected by two or more
detectors located at different scattering angles but viewing the same particle (references 49 and 50).
With two detectors placed at scattering angles near 90 , the phase shift is linearly dependent on
particle diameter and relatively insensitive to refractive index variatioms. The range of particle
diameters accessible with this configuration without ambiguity is limited by a maximum phase difference
of 360°. By using a third detector the range can, however, be extended unambiguously.

5. CONCLUSIONS

The particle size distribution relevant to laser anemometry is the convolution of the actual
size distribution and the probability of detecting a given particle size as determined by the scattering
intensity., The resulting distribution will be shifted to a higher mean particle diameter than in the
true size distribution.

Except where factors such as evaporation at high temperatures or deposition on windows preclude
their use, droplets are preferable to solid seeding particles:
] droplet generators provide steady production rates and require little maintenance
. droplets are spherical and of uniform density, so calculations of aerodynamic behaviour and light
scattering are more reliable than for irregularly shaped solid particles.

Although the importance of satisfactory particle motion for correct laser anemometry measurements
has been recognized since the {ntroduction of the technique two decades ago, methods of analyzing the
particle dynamics and the techniques of aerosol generatfon and particle sizing reamatn unsatisfactory
compared with the technology of the remainder of the laser anemometer (obtics, signal processing).
Improvements in all aspects of aerosol technology for laser anemometry remain essential.
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DISCUSSION

A.Strazisar, US
Can you comment about point injection for flow seeding?

Author’s Reply
1 always used point injection in order to have high data rate; I did not try anything else.

P.A.Stewart, UK
Can you give me any references to microbalioons, their manufacture and use (particularly metallic microballoons)? I
saw microballoons in use at NPL Teddington and believe they are also used in laser fusion studies.

Author’s Reply
Cheap microballoons made basically of glass are used, for example, in the manufacture of furniture, by compressing
them with an adhesive into a mould. I am unfortunately not aware of any references to the types of microballoons and
their potential applications, except for incomplete information given in manufacturer’s brochures.

M.L.G.Oldfield, UK
Would you please comment on the fact that although the laser anemometer is by nature non-intrusive, the use of point
seeding introduces a flow disturbance upstream of the measurement volume and the spread of this disturbance is
similar to the spread of the seeding?

Author’s Reply
The introduction of a seeding probe into a flow to provide local seeding at relatively high concentration does indeed
detract from the otherwise non-intrusive nature of laser anemometry. The alternative use of uniform seeding can,
however, be accompanied by significant disadvantages, e.g. the introduction of more seeding material and more carrier
gas into the main flow, or a lower local seeding density and consequently lower data rate. Seeding particles introduced
into an internal flow at the walls may not diffuse through the flow within an acceptable distance. So far uniform seeding
probes may also be necessary, but they should be inserted into a region of low velocity (e.g. plenum chamber) to
minimize the influence of probe wakes.

R.Schodl, GE
I would make a comment on the influence of a seeding probe situated upstream of LV probe volume. In an axial
compressor, we put the injection probe at 2 rotor diameters in front of the rotor. We measured velocities with and
without seeding (i.e. with atmospheric natural particles). With this local seeding, we found that there are significant
deviations especially on the turbulence intensity, but no so serious deviation on mean values (in which we are
interested): as a reference we took the data obtained with natural particles. We noticed also the strong influence of
additional air when using a point injection. Therefore we decided to install the seeding probe in the settling chamber in
order to avoid these disturbances: otherwise, turbulence intensity is increased and we can get wrong data also on mean
values.

A.S.Nejad, US
For many years we have used chemical seeders which provide a uniform seeding; very successful.
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COMMENT CHOISIR UN VELOCIMETRE LASER POUR UNE APPLICATION DONNEE ?
A. Boutier

Office National d'Etudes et de Recherches Aérospatiales,
BP 72, 92322 Ch8tillon Cedex, FRANCE

Les différents types de vélocimétres laser sont décrits
avec leurs domaines d'utilisation, leurs qualités et leurs limites

Les vélocimétres A& franges sont aptes a fournir le vecteur
vitesse locale et instantanée, d'ou par moyennes statistiques le vec-
teur vitesse moyenne et le tenseur de Reynolds complet. Leur limita-
tion la plus sérieuse est leur 1naptitude & mesurer des vitesseS prés
des parols que les faisceaux heurtent normalement.

C'est pourquoi les vélocimétres deux points ont été dévelop-
pés pour les applications en turbomachines ou les écoulements sont
confinés dans des canaux treés étroits. Par contre ces vélocimetres
deux points ne peuvent sonder des écoulements dont le taux de turbu-
lence excéde 10 4 15 %X, Une maquette de vélocimétre deux traits cons-
truitte & 1°' ONERA donne des résultats tres prometteurs dans des écoule-~
ments plus turbulents

Un tableau synoptique est proposé dans le but de guider le
choix du vélocimetre laser le plus appropriée a des conditions
expérimentales données

t - INTRODUCTION

Sous le terme véloci1métre laser. divers type= d'appareils fonctionnent sur des
principes différents ; ils Ppeuvent &tre classés en deux grandes families : les
vélocimétres & franges et les vélocimétres & barriéres optiques. Leur point commun est
de mesurer la vitesse de fi1nes particules servant de traceurs de 1'écoulement. Les
capacités et les limitations de <c¢es dispositifs sont répertor:és ; une comparaison de
leur rapport signal sur bruit dans un environnement de lumiére parasite forte (mesure
prés des parois) est établie. En conclusion un tableau synoptique permet de volr les
propriétés essentielles de chaque type de vélocimétre laser et a4 quel tvpe
d'i1nformation 11 donne accés dans un écoulement aérodynamique

Une place particuliére est faite au probléme de la précision des mesures avec un
vélocimétre A& fanges tridimensionnel en fonctian de la géométrie des faisceaux laser
accédant au volume de mesure, de Ia qualité de 1°ensemencement, de la procédure
d'étalonnage
2 - VELOCIMETRIE A PRANGES

2.1 Idée de base
La premiére famille de vélocimétres laser est 1ssue de l'1d%e qu'une particule de
-

vitesse V., éclairée par un rayonnement de fréquence v,, diffuse une lumiére de fréquence
vy différente de v, par effet Doppler

- —
V.lrl - rd) n
Vo= v 11 -

1
a a =
_—
r, : vecteur umtaire dans ls direction d' éclairrage
—
ry " - - " 4' observation

} VNN
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n : 1ndice du milieu ol se propage la particule
¢ : vitesse de la lumiére

vyltrés proche de v,) est mesuré directement par analyse spectrale optique dans les
vélocimétres “"spectrométres"” (interférométres de Michelson ou de Pabry-Pérot). Ce type
de vélocimétre est bien adapté pour les mesures de vitesses trés élevées et nécessite un
ensemencement trés important

Les trois autres types de vélocimétres laser 4a franges reposent sur 1'idée de
mesurer une fréquence détectable par des photomultiplicateurs, en réalisant des
battements de fréquence (donc des interférences lumineuses) pour éliminer le terme Yok 1
dans 1'expression générale de vy
- vélocimétre A& faisceau de référence effectuant 1'opération Ve~ Vg

- vélocimétre & un seul faisceau effectuant 1'opération D‘lrd‘l - vdlrdz) : observation

du signal diffusé dans deux directions différentes
- vélocimétre A franges effectuant 1'opération udlrl) - Ddlrz) : deux faisceaux laser

croi1sés.

Les inconvénients des vélocimétres a faisceau de référence et & un seul faisceau
sont 'bien connus depuis longtemps (difficultés d'alignement, faible rapport signal sur
bruit d0 & de faibles ouvertures de 1'optique de réception)., Le vélocimétre & franges
est le plus couramment répandu : 1'indépendance de sa réponse avec la direction
d' observation permet d'utiliser des optiques réceptrices trés ouvertes (d'ol un meirlleur
rapport signal sur bruit), et dans des configurations géométriques adaptées a chaque
besoin (diffusion avant, rétrodiffusion, etc.)., C'est le seul type de vélocimétre laser
dont la technologie a été développée au maximum pour mesurer simultanément trois
composantes de la vitesse (et trés souvent au moins deux)

L' organigramme général d‘'un vélocimétre laser a franges monodimensionnel est donné
sur les figures 1 et 2.

2.2 Vélocimétre tridimensionnel (3D)

Dans un écoulement turbulent, la vitesse locale n'est bien définie que si on a
accés a ses trois composantes simultanément sur la méme particule. Ensuite les calculs
statistiques fournissent les valeurs moyennes et fluctuantes des composantes, ainsi que
les contraintes de cisaillement, c'est-a-dire le tenseur de Reynolds complet

11 faut donc <créer localement trois réseaux de franges ayant des directions
différentes et des caractéristiques différentes. Pour les vélocimétres bidimensionnels,
1a distinction des deux réseaux de franges est obtenue soit par des vitesses de
défi1lement des franges différentes (séparation électronique des signaux), soit par des
états de polarisation orthogonaux (diaphonie due a4 des polarisation elliptiques dans le
volume de mesure), soit le plus souvent par 1l'utilisation des deux longueurs d' ondes les
Plus 1i1ntenses du laser & argon : la raie wverte (AN = 514,55 nm et la raie bleue
(A = 488 nm

Pour un vélocimétre 3D, compte-tenu de 1l'expérience acquise avec les vélocimétres
2D, la technique la plus opérationnelle consiste & créer trois réseaux de franges ayant
trols couleurs différentes. C'est la technique notamment développée a 1°'ONERA. En fait
seul un vélocimétre 3D permet de caractériser correctement les écoulement complexes
turbulents et devant tous étre considérés comme tridimensionnels ; néanmoins ce type
d’' apparei1llage est plus difficile 4 mettre en oceuvre qu'un vélocimétre 1D ou 2D pour
deux raisons essentjelles
- le coQt d'un tel appareillage. uti1lisant des systémes optiques, mécaniques et

électroniques plus sophistiqués, ainsi qu' un calculateur plus puissant.

- les problémes géométriques l1és & 1'accessibilité des faisceaux laser dans la veine
d' essay, parfors autour d'une maquette de géométrie élaborée. et généralement a
travers rdes hublots trop petits

La source laser capable de délivrer trois longueurs d°  onde intenses est un laser A
argon. En Lidimensionnel les raies verte (A = 514,5 nm et bleue (A = 488 nm, ont
d' abord été utilisés car ce sont les plus i1ntenses et elles ont & peu prés la méme

intensité la troisiéme raie 1ntense est 1a raie violette (A = 476,5nm), mais elle est
environ trols fois moins puissante Qque les raies verte et bleue quand le laser émet

simultanément sur toutes les longueurs d'onde. C'est pourquolr dans le vélocimétre 3D
congu & 1'ONERA deux lasers & argon de 15 watts, toutes raies sont utilisées comme
sources lumineuses : 1'un fonctionne &4 B watts toutes raies (3 W pour la composante
verte et 3 W pour la composante bleue : vélocimétre 2D 1nitial) et le second fonctionne

e N e nca. ad
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en monoraie violette, 4 son maximum de puissance, c¢'est-a-dire 2,7 W ; ainsi chaque
réseau de franges rec¢oit la méme quantité de lumiére.

Le s8chéma général de ce vélocimétre 3D est donné sur ls figure 3 ; trois systémes

de division de faisceau 1ndépendants sont disposés en paralléle sur les trois couleurs
Chacun se compose de
- un télescope afocal afin que ©pour chaque composante les faisceaux solent bien
focalisés dans V (d'ou un i1nterfrange bten constant)
- un diviseur de faisceau (écartement des faisceaux de 30 mm, avec différence de marche
nulle),
- deux cellules de Bragg avec prismes et diasporamétres pour remettre les faisceaux
émergeant des cellules de Bragg paralléles aux faisceaux incidents
La lumiére diffusée vers 1'avan‘’ (ou rétrodiffusée pour les basses vitesses) est
collectée par deux télescopes Cassegrain travaillant & des distances de 600 mm & 2 m de
IV (ouverture variant de £/3 a f/10, vu que le miroir primaire a un diamétre de 200 mm)
1"un est éguipé de deux photomultiplicateurs (PM) pour les composantes verte et bleue
(le flux est séparé par une lame dichroique) et 1'autre par un trolisiéme PM sensible
uniquement & la composante violette ; chaque PM est précédé d'un filtre interférentiel
de 4 nm de bande passante. L'angle solide de chaque télescope est toujours disposé de
maniére a @&tre adjacent au cbne défini par l1es falsceaux laser de la composante
concarnée, et ce, afin d' étre placé dans la géométrie optimale pour collecter la lumiére
diffusée selon la théorte de Mie
Les signaux électriques issus des trois photomultiplicateurs sont traités en
parallele par trois compteurs ; une interface s’ assure de la simultanéité des données
de maniére & délivrer & 1'ordinateur des triplets de valeurs instantanées relatifs a
trois composantes de vitesse instantanées de la méme particule. L’'ordinateur connecté au
banc de vélocimétrie laser assure les fonctions suivantes
- acquisition d'un triplet de données pour chaque particule, ainsi que 1l'intervalle de
temps entre deux triplets successifs, ce qui permet de dater les événements pour des
traltements ultérieurs

contrdle des déplacements des deui bancs XYZ (un de chaque c&té de la soufflerie quand
le vélocimétre fonctionne en diffusion avant) : 1'ordinateur ordonne aux moteurs pas a
pas wune certaine amplitude de déplacement, recoit en retour 1l'information de position
grdce & des codeurs optiques linéaires placés sur chaque axe de translation, ce qui
permet un asservissement.

- acquisition des conditions génératrices de 1'écoulement (pi, Ti}) pour normaliser les
résultats.

- traitement des données de maniére a calculer dans un repére trirectangle 1ié a

1* écoulement (ou A& la maquette) Les vitesses moyennes u, v, w et le tenseur de
vz "2 ‘2 . dri
Reynolds t(u °, v %, w o, ouv, u'w, viw) , ainsi que les ordres supérieurs de la
B ] 4 '3 T4 ©3 a4 &
turbulence (u ~, u -, v, v o, w °, w ). Des tracés d'histogrammes sont également
possibles, qui peuvent mettre en évidence des phénoménes d'intermittance ou

d'instabilité de 1'écoulement.
La configuration optique A Chalais-Meudon f(cf fig. 4 pour les conventiona
géométriques) est actuellement la suivante

-~ composante verticale w mesurée directement avec la raire bleue (A = 488 nm)

- deux composantes horizontales R, et R, mesurées avec les raies verte (A = 514,5 nm et
violette (A = 476,5 nm ; les angles B, = (R;.u) et 3,= (u,Ry) sont réglables pour
chaque type d'écoulement ; (B,+ B,) est toujours de 1'ordre de 60" pour des questions
de précision de mesure exposées dans le § 2.3. 1. La flexibisité du choix de 51 et B,
est rendue possible par le fait que les optiques émettrices verte-bleue et violette
peuvent @tre glissées i1ndépendamment sur un rail horizontal (cf photo 5)

Les deux bancs de déplacement XYI (200 mm de course selon chaque axe) supportent

les divers corposants optiques : les lasers 4 argon et le syastéme de division de
faisceau 3D se déplacent dans un plan horizontal en X et Y ;. les optiques d'émission
sont suspendues A& un ratl mobile selon 1'axe vertical de déplacement I ; de 1'autre cdté

de la soufflerie, en diffusion avant, les deux télescopes Cassegrain sont fixés sur le
banc de réception similaire & celuir d'émission : chaque banc XYI posséde des degrés de
li1berté d' orientation (&, B, T) pour rendre ses axes de déplacements paralléles & ceux
de la soufflerie

i
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2.3 Précision des mesures

L' instrumentation mise en Jeu avec un tel vélocimétre 3D est suffisamment coQteuse
pour que 1'on B8'attache a obtenir des résultats de qualité, dans lesquels les
utiiisateurs puissent avoir confiance. Quatre aspects importants de ce problémes ont été
dtudiés : la localisation du volume de mesure, la calibration absolue du vélocimétre, la
précision des mesures en tridimensionnel, le comportement des aérosols servant de
traceurs de l'écoulement.
2.3. 1. Repérage du volume de mesure

Le diamétre du volume de mesure dans le plan XZ est de 1'ordre de 400 wm ; le long
de 1'axe Y, parce que 1la partie réception a un axe de visée incliné d’'une dizaine de
degrés par rapport A l'axe de l'optique d'émission, la longueur vue est de 1'ordre du
millimétre ; ces dimensions caractérisent la résolution spatiale de 1l'instrument. La
robustesse des dispositifs mécaniques de translation fait que 1l'alignement optique du
vélocimétre reste conservé 1lors des déplacements : la lecture des déplacements est
effectuée avec une Pprécision de 0,01 mm ; 1'écart de position entre 1les bancs
émission-réception ne dépasse jamais 0,03 mm Héanmoins 11 faut localiser ce volume de
mesure optique (croisement de 6 faisceaux laser focalisés) par rapport a la maquette
présente dans 1° écoulement. Généralement on dispose sur la maQuette un trou, de la
dimension du volume de mesure, dans un plan XZ et dont la position est trés préclsément
connue dans le repére de la maquette

Les coordonnées du volume de mesure coincident exactement avec celles du trou de la
maquette 1lorsqué les six faisceaux en émergent et qu'ils présentent des anneaux de

di1ffraction par observation visuelle sur un écran : ains1 le volume de mesure est réglé
en position par rapport & la maquette avec une 1ncertitude de 0,1 mm dans les trolis
directions. Autant que possible ce repérage doit étre falt en soufflage (trou solidaire

de la maquette hors d'une zone a sonder) pour temir compte des déplacements éventuels de
}a maquette en cours d'essal.
2.3.2 Ftatonnage Précis

Pour chaque composante mesurée, 11 s'agit de déterminer ) interfrange 1 et la
direction de la composante (normale aux plans des franges) dans 1'espace

L'utilisation d'un théodolite 1nstallé 4 proximté du volume de mesure permet
d’ accéder & tous c¢es paramétres avec une excellente précision, ce qu' aucune autre des

méthodes plus simples, souvent mises en oeuvre pour des vélocimétres 1D ou 2D ne peut
réaliser

Le principe est le suivant : dés qu’' un faisceau laser est paralléle a 1'axe optique
de 1l'objectif du théodolite, 11 est focalisé au centre d'une <croix placée par

construction dans son plan focal 1mage ; cette figure est pro)etée sur un écran par
1’ oculaire du théodolite. Les théodolites récents permettent d' adresser directement a un
petit calculateur les valeurs angulaires horizontale et verticale (site et azimut de la
direction dans 1 'espace de ce faisceau laser avec une ©précision élevée. Pour un
vélocimétre 3D. 11 faut pointer alnsl successivement les si1x falsceaux laser sécants,
puis un axe de référence de 1l'écoulement (autocollimation sur un hublot latéral de la
veine, miroir fi1xé sur la maquette, etc. .. ). Connaissant les trols composantes du
vecteur unitaire paralléle & chacun des si1x fai1sceaux laser (et de 1'axe de référence)
dans un repére trirectangle connu (la visée de 1'axe de réference sert & déterminer Oy),
on peut alors en déduire 1les trols 1nterfranges et les neufl coefficients de la matrice
reliant les composantes mesurées (R, R, R,) aux composantes voulues (uvw selon XYZ}

La fiqgure 6 donne la nomenclature des angles et des axes ;. de plus, comme la
procédure de mesure est rapide, les pointés peuvent &tre répétés plusieurs foi1s pour
améliorer 1la précision. Un étalonnage d’un vélocimétre 3D prend ainsi1 environ une

demi-heure pour des incertitudes de mesure de 1'ordre de 1 & sur les 1nterfranges et

environ 0,1° sur chaque angle
—
Ine composante de vitesse mesurée R, est définie par le vecteur umitaire K,

[A; - A{)/ eyt
— !
X, Kyy = (5; - Bi]/ Ieyl
(ct - c:)/ te, |

=
-
L
"




1 1 1
2

Arc cos A; Aé v By

L'1nterfrange est donné par 1,=

Alors R, = K, u + K, v ¢ K, ,w

Les mémes équations Peuvent étre ecrites pour lez deux autres composantes mesurees

R, et R3 (sachant que genéralement 11 est possible de mesurer directement w selon z avec

RJ, ce qui conduit a Kjl= K3v: Q) Alors
Ry Ky, Koy Kyg u u
Rot o= (K., K; K:: v = C(K) {v
w w
Ry Ky, Ky, Ky,
u Ry
-1
et vl = [K ] K,
w
Ry
£.3. 3 /ncertitudes de mesLre @n [rizimemsiomner
Le montage optique conduisant a la mei1lleure precision de mesure est assurement

celuir gqui permet la mesure direcle des troi1s compesantes u.v et w. Cela nécessite
toutefn1s un acceés optique a l' ecoulzment non seulement par des fenetres latérales (pour
u,w ¢f f19. 4;, mais auss! par des hublots au plafond et 'ou au plancher de la velne, ce
qui1 est rarement possible horm: s a la soufflerie F2 du centre UNERA du Fauga-Mauzac
specialement concue a cet effet ;zj ou dans des etudes de jet libres

Les problemes surgissent Qquand la composante v le long de 1'axe y n’est pas mesurée
directement mais par combinaison de deux composantes dans un plan horizontal, par
exemple u el R, R faisant un angle ® avec u Cette configuraton est donnée a titre
d" exemple car c'etait celle des premiers velocimetres laser 3D exploités aux Etats-Ums
a NASA Ames et au NSWC

v - R - ucos @ (2

stn ¥

La difficulte dans cette formule provient de Cx Aue % et u cos P sont généralement
deux gqrands nombres gont la difference est petite, d"ou 1l'incertitude sur v. Er
developpant cette formule avec les notations < 1-apres, 11 apparait gqu'en mixant
electroniquement les signaux des composantes R et u ¢n pevr* améliorer la précision de
mesure
° frequence mesuree selon R . Y fréequence du mouvement des franges selon R
v, frequence mesuree selon u | Vau fréquence du mouvement des franges selon u
“.® vg- 1, frequence mesurée a la sortie d' un mxer

2.7 Vpe- Vp, frequence apparente du mouvement des franges selon v
ie interfrange selon R 1
+, interfrange selon u
fo= o, 1, cos B

"

- » - -
.. Cug- v Y ap- Cugp- vy ) ags (uy- v )i . Vpud ¢ (Ug- vpyd 1 3
sin B sin P

La mesure d une fréquence v, plus faible est effe-tuée plus précisement dans un
~ompteur Malheureusement cette 1dée se heurte 3 deux difficultes 3 la sortie d' un
mixer 11 faut fi1ltrer le Si1gnal pour bien 1snler v, des frequences d' entree v, et . 4
qui en pratique neécessite d'avoir une 1dée a prior: des valeurs des cocmposantes e! ¢
leur turbulence) et d autre part 11 faut minimiser ou annuler [. ce gui n est ni aire
n prec:s Les essais effectués & 1'ONERA avec des mixers n ont sprorte au . .
ameliorat "n de la qualité des mesures. mais ont engendreé beaucoud plus e cmpiew
instrumentale ‘apparemment 1nutile’ et une dégradation du rapport signoal +ur tro.t

Par contre un phénoméne précccupant a eté nis en evidence pour des fajlb.es .. ¢

de B ide |'ordre de 70" Dans un ecoulement de turbulence 1s5~*r. pe coewr oA . B

2 2 2 : : :
deéfinition u ‘= dv ‘- dw ‘. 11 a été mesure lu ‘. I; . Jb . .
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expérimental final ]v'z > 3 juiz. aussi bien en subsonique (Vy™ 50 m/s) qu'd Mach 1. En

portant 1'angle P entre les deux composantes mesurées dans un plan horizontal & une
valeur de 1'ordre de 60°, le facteur 3 a été réduit & 1,6 (cf fig. 7). L'explication
probable de cet allongement de 1' histogramme des vitesses (qui devrait 8tre inclue dans
un cercle) est donnée grfice 4 la figure 8. B, et Pj sont deux particules réelles, de
vitesses différentes (dana 1le cercle de probabilité de turbulence isotrope), qui
délivrent des signhaux pendant le critére de simultanéité : pour 1la particule P; le
compteur mesurant u; valide la mesure et pas celui mesurant r;, pour la particule Pj il
se passe le contraire ; le résultat donné par le vélocimétre est une "particule
virtuelle” Pv de composantes (ni.rj>, L' étude détaillée de ce probléme est présentée en
référence [1] et aboutit aux conclusions suivantes : il faut augmenter P au maximum (60°
serait un minimum et 90" 1'optimum) et réduire 1'ensemencement pour diminuer la
probabilité de mesurer ainsi deux particules Py et PJ.C'eut d'ailleurs ce qui se passe
dans les écoulements A fort taux de turbulence (tourbillons notamment) ou cet effet de

1' allongement de 1'histogramme s'atténue

2. 3. 4 Abrosols utilisés en vétocimétrie taser

Différents types d' aérosols sont utilisés en vélocimétrie laser, issus de divers
générateurs de particules. La théorie prévoit que pour suivre de fortes accélérations ou
décélérations (traversée d'un choc par exemple) les particules, sur lesquelles repose la
mesure du vélocimétre laser, doivent 8tre submicroniques, et méme d' autant plus petites
que les viteases A mesurer sont plus grandes.

Une étude comparative du comportement de différents aérosols lors de la traversée
d'un choc a été entreprise en collaboration entre 1'ONERA et 1'IMST en 1985 ; un gros
effort de recherche a également été effectué aux Etats-Unis dans ce domaine [3]. Les
conclusions essentielles sont résumées ci-dessous
- les particules de latex calibrées & 0,3 »m par exemple, atomisées a partir d'une

solution comprenant 10 ml d'eau + latex (10 X de latex pur) et un litre d'alcool,
donnent dea résultats conformes a la théorie. Un bon mode d'injection semble &tre
d'atomiser le mélange dans la chambre de tranquillisation, suffisamment loin en amont
du point de mesure pour que 1'alcool soit totalement é&vaporé.

- un mélange de S % de DOP dans 1'alcool (atomisé puis 8éché dans une colonne
chauffante) doit donner wune granulométrie de 0,44 pm, alors qu' un mélange de 1 % de
DOP dans 1'alcool doit donner une granulométrie plus Cine de 0,2 um peu dispersée. Les
pentes des courbes u = [(x) au travers d'un choc confirment ces estimations par
comparaison avec le latex 0,3 pm

- un mélange de 20 £ d'huile de paraffine (ou de Rhodorsil 710 plus résistant &
température élevée jusqu'd 800 K) dans du trichloroéthane, issu d'un atomiseur suivi
d° une colonne séchante (systéme préconisé par le DFVLR en Allemange) donne également
une majoritd de petites particules de 1’ ordre de 0,5 pm, avec 1'avantage de ne pas
salir rapidement les hublots (notamment en turbomachines).

- les fumées d'encens sont polydispersées ; en diffusion avant & Mach 2, avec une
puissance laser de 3 W pour une composante et une optique réceptrice ouverte A f/5,
les résultats obtenus sont comparables A ceux d(Os aux billes de latex.

Au stade actuel de ces études qui vont se poursiuivre on retient les points
importants suivants
- pour Qu‘'un vélocimétre laser, traitant les signaux avec un compteur, soit sensible aux

plus petites particules (0,2 & 0,3 wm), & des vitesses de 300 & 500 m/s, 11 Caut
disposer d'une puissance laser d'environ 3 W sur chague composante, et d’' une optique
de réception ouverte entre f/3 et f£/10, suivi d'un photomultiplicateur de gain 106. ce
qui n'est pas le cas des systémes commerciaux actuels

- il semble préféradble de s'orienter vers 1l'utilisation généralisée en écoulement
aérodynamique des billes de latex calibrées, qui fournissent un aérosol monodiapersé
connu, ce¢ qui permettra parfois d'utiliser ia rétrodiffusion (en augmentant le gain
des amplificateurs électroniques des compteurs) sans détérioration de la qualité des
résultats. En effet souvent quand 1'aérosol a une granulométrie polydispersée, en
rétrodiffusion 1le vélocimétre laser est systématiquement sensible A la queue de 1la
distribntion en tajille vers les grosses particules, ce qui ralentit la cadence
d' acquisition de données et fausse les résultates de vitesse moyenne et d' écart-type

- en cas d’utilisation d' une huile, la dilution dans un solvant avant atomisation réduit
toujours la granulométrie qui devient souvent A& majorité submicronique

Dans les écoulements A vitesse dlevée ot haute température, il est préconisé
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d*utiliser des particules réfractaires telles que T1 O, Jusqu'a 1800 K ou ZrO2 jusqu' a
2700 K. générées par un 1lit fluidisé ou un cyclone. A€203 donne généralement des
particules entre 2 et 3 mm.

Pour des essais dans des moteurs A Sandia Laboratories [4]), afin d'éviter
1' abrasion rapide de 1la chambre de combustion due aux particules de Zroz. un mélange
IrF, dans de 1'eau est vaporisé : il donne de bons résultats dans la partie froide de
1' écoulement, puis se transforme en 2r0, uniquement dans la zone de combustion. ce qui
limite 1'érosion

2.4, Utilisation de fibres optiques en vélocimétrie laser

Il faut distinguer 1'emploi de fibres optiques dans la partie émission et dans la
partie réception.

Des fibres optiques multimodes de 600 #m de coeur sont aisément utilisables dans la
partie réception pour conduirre la lumiére diffusée collectée par 1  optique réceptrice

vers les photomultiplicateurs, qui peuvent ainsi 8tre éloi1gnés de certains
environnements hostiles (rayonnement électromagnétique d'un laser, fort niveau de
vibration, etec...).

Par contre a 1°'émisson il s'agit de véhiculer des falsceaux laser (généralement de
forte puissance) en conservant leur cohérence spatiale et temporelle afin de créer des
interférences de bonne qualité dans le volume de mesure V. Pour éviter des phénoménes de
speckle indésirables dans VY, ce sont des fibres monomodes qui sont utilisées, avec un
coeur de 5 pm environ. Les premiers dispositifs commercilalisés ne fonctionnaient
qu' avec des laser He-Ne de f(aibles puissance ; la technologie des fibres optiques
évoluant actuellement trés rapidement, des systémes sont maintenant proposés avec des
lasers & argon., qui correspondent aux schémas de la figure 9. La puissance laser pouvant
entrer dans cas tétes optiques miniaturigées de vélocimétre monodimensionnel,
fonctionnant en rétrodiffusion axiale, est encore limtée & 1t watt environ ; la distance
de visée est d'une cinquantaine de mm

Cette technologie va & l'encontre de l'idée fondamentale de la vélocimétrie laser
"qui ne perturbe pas 1'écoulement”, puisqu'il y a i1ntroduction de sonde matérielle
Néanmoins cette nouvelle technologie étend le domaine d'application de la vélocimétrie a
des écoulements ne possédant pas d‘accés optiQues latéraux larges, et peut rendre des
services guand la chambre d'expérience est entourée par un grand caisson pressurisé¢ (cas
de certaines grandes souffleries 3 caractére industriel

3 - VELOCIMETRIE LASER A BARRIERE OPTIQUE

Dans 1le cas ou le niveau de lumiére parasite est i1ntense, Jdans les essa18 en
turbomachines par aexemple (dans des canaux étroits), les vélocimeétres & franges
classiques fonctionnent mal la limite d'approche frontale d'une parol que les
faisceaux laser heurtent est de 1'ordre de 5 4 t5 mm : des moyens pour rédulre cette
limitation sont décrits dans le § 4.2 mais ne sont pas toujours applicables. C‘est
pourquol la vélocimétrie a barriére optique 5'est développée. avec comme 1dée
fondamentale de plus concentrer 1’ énergie lumineuse dans le volume de mesure pour
améliorer 1le rapport signal sur bruit. Deux types de vélocimétres sont décrits
ci-dessous, 1'un disponible commercialement (deux points), 1'autre n'étant Qu' au stade

du laboratoire (deux traits)

3.1 Vélocimétre deux points [5]

Le schéma d'un tel vélocimétre est donné par la figure 10 ; le faisceau laser est
focalisé en deux points d'environ 20 wm de diamétre et distants de 400 um C’est la
lumidre rétrodiffusée sur 1'axe qui est collectée dans tous les systémes commerclaux.
essentiellement parce que dans les applications en turbomachines 1'acceés optique est
limité & travers de trés petites hublots. Les inconvenients de cette technique sont les
suivants les mesures ne peuvent 8tre faites que dans des écoulements faiblement
turbulents (moina de 10 & 15 % : une particule traversant le premier point ne doit pas
avoir une probabilité trop basse pour traverser le second) et 11 est impossible
d' effectuer des mesures tridimensionnelles simultanées sur la méme particule. puisqu'1l
faut tourner la ligne jotgnant 1les deux points pour obtenir localement les variations
angulaires de 1°'écoulement . la durée des acquisitions pour chaque position du volume de
mesure est longue

I1 apparsit donc Qque ces appareils sont les seuls A& pouvoir fournir des mesures
trés prés des parois, mais la durée d'une mesure est longue et on ne peut sonder des
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écoulements trés turbulents., malheureusement existant souvent prés des parois : couches
limtes. tourbillons. 2ones de décollement. etc.

Lors de 1'étude comparative du rapport signal sur bruit des différents types dae
vélocimétres, quand nous montrerons quantitativement combien cette configuration optique
de vélocimétre laser est avantageuse, il faudra garder en mémoire tous les inconvénients
pratiques pour 1'exploration des écoulements turbulents.

3.2. Vélocimétre deux traits

A 1' ONERA nous avons développé un vélocimétre a barriéres optiques
monodimensionnel {(mesure d'une composante de 1la vitesse) appelé deux traits (cf fig
11). Les points (de différentes couleurs : un vert et unm bleu issus d'un laser & argon)
sont transformés en deux traits en créant de 1'astigmatisme dans la partie émission,
gr8ce A4 des lames A& faces paralléles inclinées. Un tel systéme Ppeut mesurer
succaessivement différentes composantes de la vitesse, par rotation des lames inclinées
ce Qqui assure une rotation des traits sur eux-mémes ; la ligne joignant las centres des
traits peut &tre disposée paralleélement A la direction principale de 1' écoulement en
tournant le prisme séparateur de couleurs. Un tel appareil devient bidimensionnel quand
un systéme de deux croix est créé (cf fig. 11b). Ces vélocimétres A traits sont
comparables A des vélocimétres & franges n'ayant que deux franges, mais avec le
traitement du signal ({(convertisseur temps-tension, analyseur multicanaux donnant
1' histogramme des temps de transit) et quelques avantages des vélocimétres deux points
1' étude du rapport signhal sur bruit, ainsi que des expériencs de laboratcire, montrent
clairement la situation intermédiaire de ce type de vélocimétre laser, capable de
travailler dans des écoulements assez turbulents (Ty¢< 30 %), mais pas dans des zones de
recirculation ; il accepte cependant des variations angualires de 1'écoulement jusqu'a
t 10", Initialement ce vélocimétre laser fut monté en rétrodiffusion co-axiale ; nous
montrerons les améliorations obtenues en utilisant une géométrie ol 1'optique de
réception est adjacente a 1'optique d'émission (rétrodiffussion hors de 1l'axe)

4 - RAPPORT SIGNAL SUR BRUIT EN VELOCIMETRIE LASER
Nous considérerons qu'en raison des flux faibles diffusés par des particules
submicroniques le détecteur est un photomultiplicateur. Le rapport signal sur bruit RSB
s’ écrit alors
RSB = (RSB) pax. C

Pl Il

(RSB) pays ———S4
h v Af
B
n v
as - 12 s
¢ = [1 ¢ = A K] K=
= n
SH

PL: pulssance du laser
. angle du cOne de 1'angle solide de 1'optique réceptrice

x
o : section efficace de diffusion d'une particule
0 2 -1

(

% 10 “am sr pour une particule d'eau de 0,8 vm de diamétre)
h : constante de Planck = 6,6. 10'*J. s
Vg ! fréquence de la lumiére laser 6.10“"! .

Af : bande passante de 1’ électronique (plusieurs MHz)

M : efficacité quantique du PM (¥~ 0,1)

S, : surface éclairée dans le volume de mesure dans un plan x,y

a : albédo d'une paroi (X 0,1)

K : caractérise 1la surface commune au diaphragme placé devant le PM et & 1'image S;
dans le plan du diaphragme, de 1'impact des faisceaux laser sur la paroi.

L' évolution de ce rapport signal sur bruit d'apris (6] pour des caracéristiques
classiques de vélocimétres & franges, deux points, deux traits donne les courbes de la
figure 12, mettant en évidence la sjtuation de compromis intéressante dans laquelle se
trouve le vélocimétre deux traits

Mentionnons ici toutefois pour mémoire les diverses facons d'améliorer le RSB dans
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un vélocimétre & franges, qui reste la technique la plus opérationnelle car applicable
aux écoulements trés turbulents, qui se manifestent souvent prés des parois
- réduction de la taille du volume de mesure & 60 wm de diamétre par exemple (ce qui se
rapproche de la surface S, d'un vélocimétre A& barriére optique), ce qui entraine des
interfranges petits, donc des fréquences élevées 3 traiter pour des vitesses élevées
(limitation en vitesse de 1'ordre de 150 m/8 dans ce cas),
~ utilisation de particules fluorescentes (ce qui annule 1'influence de a, car la paroi
n' st Pplus vue par le PW.
- traitement du signal par analyse spectrale, plutdt que par comptage, ce qui réduit AF
4" un facteur 10°

Pratiquement il ressort de cette étude les idées fondamentales suivantes

- pour conserver un RSB > 1 avec un vélocimétre A franges, il faut que le facteur K sort
inférreur a 10'3. ce qui signifie que 1le trou placé devant le photomultiplicateur ne
doit quasiment pas "voir" les images défocalisées des i1mpacts des faisceaux laser sur
une paroi. C'est ce qui expligque 1'inafficacité des vélocimeétres & franges en
rétrodiffusion axiale et la limite d' approche des parois en rétodiffusion hors de 1°axe,
liée & la géométrie (émission-réception) de 1'appareil

Il est clair qu'une optique de réception placée a 90" de 1'axe d'é@mission permet une
approche de parol A4 quelques dixiémes de mm, mais se heurte aux problémes
d' accessibilité optique et aux problémes liée & 1a diffusion de Mie Qui est minimale
dans cette direction

- le vélocimétre deux points a un RSB de 7 dB environ, méme sur la paroi

- le vélocimétre deux traits permet de s'approcher jusqu'a 0,4 mn {théorique), 0,7 mm
(pratique) d' une paroi : un RSB supérieur & 1 est obtenu pour K & 13 % Le fait de se
mettre en rétrodiffusion hors de 1'axe avec un tel vélocimétre améliore le RSB jusqu' a
une distance de 2,7 mm environ ; ensuite le flux parasite sur le détecteur redevient
identique & celui recu en rétrodiffusion axtale

Le tableau ci-dessous résume cette étude (d : distance de V a la paro:

RSBy, o x( dB) RSB dmm Commentaires

Vélocimétre 13,8 Velocimétre
s
trop sensible

4 franges 22,8 I
rétrodiffusion ' l‘ + 2. 10% mposaible s la lumiére
axiale : parasite

Ameliorations
poasibles

Vélocimetre trattement du signal

A franges - " 5 & 15 par analyse spectrale
rétrodiffusion plus petit volume
hors de 1'axe ds mesure

particules
fluorescentes

Vélocimétre 102 Approche
deux points 40 04 0,5 de paroi optimale
retrodiffusion l1 + z_ao’l mais en écoulement
axiale laminaire
Bon compromis
Vélocimitre 40 en écoulement turbulent

deux traits —_——
a2 0,7 prés des parois, mala
rétrodiffusion I o127 10% ' pes dans les sones de

axiale recirculation

Vélocimétre Amélioration du RSB

deux traits '
rétrodiffusion " - ;u::ul: i;:orm

hors de 1° axe
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5 - SYNTHESE DES CAPACITES DES DIVERS VELOCIMETRES LASER

Type de vélocimétre Commentaires Type d’ écoulement
Stationnaire
Mesure d'1 seule V approché
composante ; plusieurs tangentiellement
composantes mesurables 4 quelques
1D successivement ; permet 1/10 de mm
de se familiariser avec d'une paroi, mais
la technique perpendiculairement
entre 5 et 15 mm
. 2 composantes Turbulent
Vélocimdtre 2D simultanément mesurées - Bidimensionnel
4 franges accés optique par , (méme probléme
classiques hublots latéraux d' approche de paroi
que 1 D)
3 composantes
simultanément Turbulent
3D mesurées : nécessite Tridimensionnel
larges accés Tenseur de Reynolds
optiques pour avoir complet mesuré
une bonne précision
1 seule composante
mesurée ; plusieurs Turbulent
Particules composantes prés des parois
fluorescentes successivement : gradients
particules toxiques de vitesse faibles
de 2 & 3 pm
Forte 1, 2 ou 3 Turbulent .
résolution composgntns simultanément 'prdu des parois
Vélocimitre spatiale mesurées. Accés optigue vitesses peu élevées
a franges large (< & 100 ms/s)
spécifiques
pour mesures 1, 2 ou 3
prés des parois composantes mesurées
1ndépendamment ;: donc pas
accés au tenseur de Turbulent
Traitement Reynolds complet. prés des parois
du signal Evolutiontechnologique Beaucoup d'avenir
par analyse pour traitement dans cette méthode
spectrale simultané
des 3 composantes
d' une méme particule
(numérisation des signaux
des PN)
Laminaire
Mesures bidimensionnelles ; (Tu ¢ 10 & 15 %)
Vélocimétre supposent un Mesurés trés prés
2 points ensemencement constant des parois
quand il y a
des particules
Mesures 1D, 2D ; Turbulent, majs
Vélocimétre vélocimétre de compromis avec Tu ¢ 30 %
2 traits, entre 2 points Mesures 4 1 mm environ
2 croix et franges ; d' une paroi normale
maquette de laboratoire aux faisceaux laser
Yélocimétre Mesures 1D ; Turdulent
4 franges technologise 3onde dans 1‘'écoulement
avec fibres en pleine 4 30 mm environ
optiques évolution du point visé

6 - CONCLUSIONS

La vélocimétrie laser & franges est apte A mesurer simultanément trois composantes
du vecteur vitesse locale et instantanée, ce qui permet de sonder de nomdreux
écoulements turbulents tridimensionnels avec succds. Les seules restrictions & son
domaine d'utilisation sont 1la difficulté d'asccés optique au volume de mesure dans




B T A

R |

9-11

certains cas (sachant qu'il est préférable de se rapprocher d'une configuration oa les

trois composantes mesurées sont orthogonales) et la dégradation du rapport signal sur

bruit prés des parois (limite d'approche de 5 & 15 mm quand les faisceaux laser leur
sont perpendiculaires, mais quelquea dixiémes de mm quand ils leur sont paralléles)
quelgques essais avec un volume de mesure plus petit ou des particules fluorescentes

8’ avérent satisfaisants, mais non valables en toute généralité ; une amélioration

1mportante doit apparaitre dans un proche avenir gréce & de nouvelles méthodes de

traitement du signsl par analyse spectrale des signaux :138sus des photomultiplicateurs
que 1'on numérise

Les vélocimétres deux points sont les plus performants prés des parols, mais 1ls
sont limités au sondage d' écoulements trés faiblement turbulents

Le vélocimétre deux traits apparait comme un bon compromis, avec une approche de
paror limitée & 0,7 mm et la possibilité de mesurer des taux de turbulence atte:ignant
30 x dans des écoulements ol la var:ation angulaire du vecteur vitesse est de l'ordre de
10",

Il faut attacher beaucoup 4’ i1mportance a l1a qual:ite de 1' ensemencement de
1’ écoulement, car cette technique optique dite "non Pperturbatrice” repose sur la
diffusion de la 1lumiére par des aérosols qui doivent étre 1ntroduits sans perturber
1’ écoulement, done suffisamment 1loin en amont du volume de mesure, ou parfols méme en
aval de la veine dans une soufflerie & retour. L' utilisation généralisée des billes de
latex calibrées submicroniques est hautement recommandée pour 1 étude des écoulements
aérodynamiques rapides a& température ambrante

En conclusion, le vélocimétre laser 1déal et wuniversel capable d'effectuer des
mesures prés de n'importe quelle paroi, dans un écoulement lortement turbulent, n'existe
pas, ms1s nous sommes capables maintenant de définir les principaux caractéres qu' 11l
devrait respecter
- lumidre laser (ortement concentrée dans le volume de mesure, ce qui augmente le

rapport signal sur bruit avec Sv"/z et décroit le niveau continu au moins comme S,.

- une géométrie de volume de mesure ¥V et un systéme de traitement de si1gqnal capables de
mesurer .e vecteur vitesse instantanée d'une particule, quelle que soit sa trajectoire
dans V (comme dans les vélocimétres a franges 3D).

~ axe de 1'optique de réception situé en dehors de 1'axe d' émission, car cette géométrie
permet de minimiser le paramétre K (lumiére parasite regue par le
pPhotomultiplicateur).

Cette évolution de 1la vélocimétrie laser est demandée par de nombreux utilisateus
pour sonder des écoulemgnts autour de maquettes complexes ou dans des régions (entrées
d'air par exemple) ou 1'accés optique esat trés difficile, dJ au manque de hublots

Ainsi une nouvelle contrainte pour les futurs vélocimétres laser sera l'utilisation
de fibres optigues, tant &4 1'émission qu'd la réception, en vue de miniaturiser les
équipements
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Ecoulement
] Ordinateur Compteur
Figure 1 - Schéma de principe d'un vélocimétre laser A& franges monodimensionnel (mesure

d' une composante de la vitesse).
L : laser (de longueur d'onde A)

D division de faisceaux
0,: optique d'émission

V : volume de mesure

0,: optique de réception
PM : photomultiplicateur

T p—

= \%\ o

T
1
L n
Figure 2 - Traitement du signal par comptage
vaed . megure de la fréquence
Ty

Ts _ s
critére de validation — = = t ¢ §

Tg 8
Mesure 1nitialisée s1 le signal dépasse le seusl S,
Mesure validée s aprés T, le signal dépasse PR ¢’ est  pourquol

généralement un compteur mesurant sur 8 aternances requiert au moins la
présence de 10 alternances dans te signal
S3: seull haut pour eliminer les grands signaux dus aux grosses particules
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Figure 3 -~ Schéma duy vélocimétre laser tridimensionnel de 1°'ONERA
LI: laser &4 argon 15 W, utilisé & 8 watts toutes raies

T

Ly: " - " - " 3 watts sur la raie A = 476,5 nm (V)

D

D-Z: lame dichrolque transmettant seulement le bleu (A = 488 nm)

C : cellule de Bragg + prisme et diagsporamétre
BS : séparateur de faisceau
A . télescope afocal

Ecoulement selon x
———

Figure 4 - Géométrie des composantes Mmeaurées en viélocimétrie 2D et 3D
(x,y : plan horizontal)

30 lame dichroique transmettant seulement le vert 'A = 514,5 nm) (G)
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Figure 5

Fiqure

- Vé
]
R
TA
T8
A
B

6 -

locimétrie tridimensionnel de 1' ONERA

systéme de division de faisceaux
rail
télescope Cassegrain pour les composantes verte et bleue

" " * ia composante violette
optique émettrice bidimensionnelle (vert-bleu)

optique émettrice violette

Détermination des caractéristiques de la direction d'un faisceau laser avec
—

un théodolite (ON vecteur unitaire parallele au faisceau laser)

Oy : axe de référence

v = (0D, ON) mesurés par le théodolite
h = (0D, 0B)
—s [A = cos v san h
ON 4B = cos v cos h
C = sin v
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Figure 7 - Histogrammes bidimensionnels dans le plan tu,Vv) d'un écoulement de turbulence
1sotrope
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B
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.
Figure 8 - Intensités de turbulence mesurées dans un écoulement & turbulence 1s8otrope,

dues & des "particulea virtuelles”.
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Fiqure 9 - Schémas de principe de velocimétres laser utilisant des fibres optiques
L laser
] division de falisceau
FKO: fibre monomode (conservant la polarisation)
FM,: fibre multimode
T tube sonde (typiquement 20 mm de diramétre sur 100 m de
iong!}
FL deux faisceaux laser recombinés. décalées en fréquence par une cellule de
Bragg et de polarisations orthogonales
PM photomultiplicateur
% volume de mesure
d distance de visée de |’ ordre de 50 mm
4
// " \\
~
2PM
= R - -~
\\ -
2 points \~;__. U Y S

OXY —= 2 points avec polarisations

Objectif de microscope perpendiculaires

Prisme de Rochon
~=— Faisceau laser polarisé circulairement

Lame V/4

Figure 13 - Schéma de principe 4 un velocimetre deux points
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M,
o aser & argon(2 watts)

11 a): Deux traits

Bleu

7 20 am\

N

Lames inclinées e = 20 mm

p QP.M. bleu

k‘ - N P.M.vert

- i{eg

~
—
—

100 um
260 um Lame dichroique
M; : miroirs
P : prisme dispersif
O, : objectif de microscope
0,, O, : objectifs de 500 mm de focale,
ouverts 3 /5
11 b): Deux croix Bleu Vert Bleu Vert
Ecoulement »y Ny
\\ \\
Figure 11 - Schéma du vélocimétre laser deux traits de 1'ONERA
11a : deux traits
11b : deux croix
RSB (dB)
401 — | S —
"0

30 /

» —
[ sl
—
—
. —
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-
-~
/}’
10 7
7/
/
0 dimmj
T T - ——
051 3 5 7 10
Figure 12 - Ffvolution du signal sur bruit (RSB) avec la distance d du volume de mesure

4 la parol

—e—e—e— Vélocimetre 3 franges

Vélocimetre 2 points

______ Vélocimetre 2 traits ( rétrodiffusion axiale )
—.—.—.— Véiocimeétre 2 traits { rétrodiffusion hors de I"axe }

P| 3w pour les véiocimetres & franges
P, 0.5w dans chaque point ou chaque trait .
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DISCUSSION

A.Strazisar, US
Why did you create two dashes of different colours, one green and one blue?

Author's Reply
At first, it was very simple to achieve: a prism disperses the wavelengths to create spots of different colours and
independently inclined plates create astigmatism. Moreover this was essentially done to avoid noise cross talk between
photodetectors in the receiving part. But this cross talk is only important at a large distance from the wall (about 3 or 5
mm) when the green and blue laser beams impacts on the wall begin to overlap.

J.Fabri, FR
Each type of LV has its advantages and drawbacks; there is not a well defined barrier between their applications
domains. [ want to emphasize that fact that wall approach limitations are different if the laser beams are parallel or
perpendicular to the wall: in the first case LDV probe volume can be approached within 0.5 mm for instance, and in the
second case L2F must absolutely be employed for the same approach. The L2F is not able to perform measurements in
highly turbulent flows, i.e. recirculation zones for instance: but it allows the determination (even between rotor blades)
of the limits of such types of flows; very often it is enough to have this knowledge, without asking for a detailed survey of
the flow field inside this turbulent region (where calculation models do not exist). This type of information enables a
better understanding of the flow through the machine and does not require further detailed measurements.
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. SUMMARY

‘~1his paper discusses the selection and application of laser anemometry systems to the particularly
hostile envirorment found in small high speed rotating turbomachines.

There are several different laser anemometry systems which are used in turbomachinery studies.and-
n selecting a system to carry out specific duties it is necessary to have some prior knowladge of
flows to be measured, the spacial resolution required and any limitations on optical access.
™™ optical access will often determine the spatial resolution possible and the quality of the
scattered signal will generally determine the type of signal processor which can be used.

The criteria used for the selection of systems at Cranfield are discussed. The arrangements in use
include both the Doppler and Transit systems each of which are found to have unique and very
distinct advantages. The conclusions of the paper are exemplified by measurements of the flows
within small high speed campressors. .

.

1 Intraduction

Small turbamachines are being used in an increasingly wide range of applications. Small industrial
and aercspace campressors handle all kinds of gases and rotate at up to 200 000 rpm. Of particular
interest at Cranfield has been the mmall centrifugal compressor but studies on various axial
machines have also been undertaken. For nearly all systems using these campressors the flow range,

efficiency and surge characteristics are of paramount importance and the requirement exists to
» improve performance and abtain a better understanding of the flow processes involved. There are
4 many design techniques available which attempt to achieve an analytic definition of performance hut
in order to validate these models it is necessary to be able to measure the flow through actual
machines.

In the case of the centrifugal impeller, gas is accepted in an axial direction and expelled at
higher tesperature, pressure and velocity in a radial direction. There are many complex fluid
changes taking place due to rotation, curvature and diffusion processes within the impeller. These
caomplex and interactive fluid processes produce a flow through the impeller and diffuser which is
] maldistributed and time dependent. Although the flow through axial machines remain in essentially
L the same plane, the processes in other respects are almost as camplex.

The flow structures involved in these processes place high physical demands on any instrumentation
used to measure the parameters. The instrument must be sufficiently rcobust to withstand the

unsteady aerodynamic forces, it must not disturb the flow and (especially for the amaller units) it
1 must have good spatial resolution and fast response. Whereas on larger, lower speed units pressure
prcbes and hot wire anemometers may be used, these instruments became unsatisfactory in small high
spoed machines and it is here that the laser anemcmeter has been most usefully employed.

This paper attempts to discuss some of the major prablems encountered during such laser anemomstry
studies and how scme of these problems have been overcame. The pajer exemplifies some of these
prcblems with results fram varicus studies.

2 Experimental Arrangement and Bquipment

There are several commercially available laser anemometry systems. These are invariably designed as
modular systems so that anemometers can be asssmbled to suit specific measurement applications.
¥hen designing a system it is necessary to have some prior knowledge of the flows expected and also
of the practical limitations on aptical access.

The optical access will generally determine the optical arrang of the er. If only one
access window is available then only a full backscatter system must be used and if good spatial
resolution is required then a Transit anemamster (Schodl (1), Brown and Pike (2)) would normally be
chosen in preferencs to a Duppler system. If twO access windows are available, howsver, then an
3 cblique scatter Doppler er, (LDA) system can overcams the resolution prablem, (Elder
Porster, Gill(3)).
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The quality of the scattered signal will generally determine the processing system used. The choice
of signal processor involves a campromise between the ability to operate in a harsh signal-to-noise
environment and the speed at which measurements may be taken. Cranfield's choice of processor, a
correlator (Abbiss, Chubb and Pike(4)), favoured a system with a very good ability to operate with
poor signals. The 'rocessor is generally connected to a computer for on-line data reduction or
storage.

Design of Current Laser Anemometer Systems

Turbomachinery studies at Cranfield have involved two main types of flow. The first has involved
radial flows (ie the flow exiting from a centrifugal impeller) and for these studies it has been
possible to incorporate two optical access windows in the available hardware. For these studies
therefore, it was decided to use a single axis LDA system working in oblique forward scatter, Figure
1. The exit channel dimensions of Tmm wide were typical and problems were expected with high
background flare levels due to the proximity of the wall to the measurement volume. Thus
correlation was chosen as a signal processing system trusting this to be the more certain, albeit
slower, processing technique. A 35mW HeNe laser and beamsplitter were mounted in a rotation cradle
to allow two components of the flow velocity to be measured. These camponents were arranged so that
any small radial inflow on the impeller could be measured. No large flow reversals were expected
and frequency shifting was not used. Since a blade to blade flow profile was required the
correlator was strobed so that each measurement took data from a similar small time slot between
each blade. The correlation data is passed to a DEC PDP1l camputer for storage and is processed
later using a program based on the work of Abbiss (5) and Sharpe (6). This system has been used
extensively to take measurements on a more or less routine basis on a variety of different
compressor configurations.

The second major field of study has concerned annular flows (ie axial compressor flows and flows
within the inducer of centrifugal compressors). In these studies it is generally only possible to
« have a single access window and a full backscatter anemometer, the Malvern Instruments 4772 Transit

Anemometer, has been used (Brown and Pike (2)), Figure 2. The photomultiplier cutput was connected

to a correlator and the results processed on line by a PDPll using a program based on the work of
4 Ross (7). Strobing was necessary for these measurements and working in the blade row caused no

special problems although the blade shadow prevented measurements in some areas. To provide
sufficient particles for scattering, 0.5 micron diameter seed particles (corn oil) were introduced
into the flow.

i 3 Analysis Techniques
f The output from the photomulitiplier tube consists of a series of digital pulses or an analogue

voltage corresponding to the arrival of scattered light on its receiver. Processing of these pulses
is carried out by a correlator, the correlation technique being very effective at extracting the
required signal from the noise present in the photomultiplier output. The purpose of the data
analysis technique to be applied to the correlation function, is to extract fram it information
about the particles that gave rise to it; usually their mean velocity, and the spread of velocities,
or the turbulence of the flow.

Transit, but the purpose of each is usually to determine (fram the correlation function) the
velocity probability density function of the particles, from which the mean flow velocity and
turbulence intensity can be derived. One major difference between the two anemometer arrangements
e is that the Doppler anemometer measures a cawponent of the flow velocity in the plane of the two
beams, and normal to the axis of the anemometer, and it is usual to obtain a second component by
rotation of the plane of the beams in order to define the flow vector. Optimum accuracy of the
velocity measurements can be obtained by careful selection of the velocity components to be

measured. The Transit anemometer, however, measures the magnitude of the velocity of a particle

travelling in the plane of the two beams. To define the velocity vector for the Transit
{ arrangement, the plane of the two beams is rotated until it is aligned with the mean flow direction,

a condition that can be identified by a correlogram having the maximum peak height to base line
ratio, but which is also calculated more accurately by the analysis to be described below.

The methods of data analysis are quite different for the two arrangements of anemometer, Doppler and
<

y 3.1 Transit Anemometry Data Analysis

The data analysis technique employed when taking measuremnts with the Transit anemometer is based on

of Ross (7). It is essential to carry cut this analysis on-line to ensure that the mean
flow direction has in fact been defined. As the plane of the two beams is rotated, the shape of the
correlation function changes, figure 3. Where the plane of the beams is out of alignment with the
mean flow, the correlogram will have a small peak, on a high bameline level (caused by particles
passing through only one beam). As the plane becames aligned, (figure 3 again) the peak height
increases, while the baseline level decreases.

The Roes analysis relies on assuming a Gaussian model for the flow turbulence, fram which it is
possible to derive an expression describing the correlation function, G(T,a), at a given orientation
a. If the expression for G(t1,a is integrated over 1, an expression for the integrated counts, or
area under the correlogram peak is obtained which depends only on the orientationa , and the mean
flow orientationay,.

The technique proceeds by taking correlograms at different angles and calculating the integrated
counts for each correlogram, figure 3. This enables the mean flow direction to be calculated.
Taking the correlation function at the orientation closest to the mean filow angle, the mean flow
velocity and turbulence intensity can be calculated from the knowledge of the form of G{1.a). The
i details of the analysis are described in Ross (7), and Elder, Forster & Gill (3,8).
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3.2 Doppler Anemometry Data Analysis

Several techniques are available for the analysis of the correlation functions arising fram a
Doppler anemaratry experiment, Brown & Gill (9). It has been found, however, that in the generally
noisy data obtained when taking measurements in turbomachines, the Pourier transform analysis of
Abbigs (5) is the most reliable. The analysis again relies on deriving an analytical expression for
the correlation function, in terms of the velocity camponents of the flow. The Fourier transform
technique takes advantage of the fact that the Pourier transform of an autocorrelation function
yields the power spectral density of the flow, which in turn is related to the velocity probability
distribution. The analysis is cawplicated by the fact that, superimposed on the oscillatory
correlation function, the frequency of which relates to the frequency of particles passing through
the fringe pattern, is a decaying baseline, figure 4, the shape of which is due to the Gaussian
intensity distribution acroes the laser beams. Removal of the baseline can result in problems in
'blowing-up' any noise present in the correlogram, and can cause accuracy problems, especially in
the turbulence intensity calculation. The analysis technique, therefore, consists of the following
steps. A first approximation for the mean flow velocity can be made by assuming a linear base line.
Using this approximation, the exact form of the Gaussian baseline can be derived, and removed fram
the correlation function, taking care that no amplification of unrealistic noise signals takes
place. FPFourier transform of the modified function now yields the velocity probability density
function of the flow, from which the mean velocity and turbulence intensity values can be
calculated.

4 A study of Impeller Outlet and Vaned Diffuser Inlet Flows

It has became reascnably well appreciated that the flow within a centrifugal impeller can separate
providing a very distorted flow at the impeller cutlet with regions of attached and separated flow.
The purpose of this investigation was to determine the nature, if any, of the aerodynamic coupling
between the impeller and downstream vaned diffuser.

It is important to emphasise that the results shown here are representative only and that the scope
of the study was extensive involving more than one impeller and several diffuser arrangements.

The experimental arrangement was generally as illustrated in figure 1 and the oblique forward
scatter LDA system described previously was used with a twin window arrangement.

The campressor casing was modified to allow different diffuser inserts to be used for a vaneless and
vaned builds. Instrumentation was available to allow standard performance mapping of the campressor
and these results were displayed on-line using a microcomputer. The controls for the rig and most
of the instrumentation were housed in a control room next to the test house for both safety and
camfort of operation.

The measurements were taken on a 100mm diameter impeller of backswept blade design. Speed of
rotation was 75 000rpm and measurements were taken at various stations.

Typical laser anemometer results for the vaneless diffuser build are shown in figure 5. These
indicate that the flow thraugh the impeller is very camplex and it may be expected that there are
several different mechanisms at work to account for the flows cbserved at the tip. Such results are
extremely interesting and will be discussed elsewhere.

The radial velocity profiles for both the choke and surge flows are shown in Figure S. At choke
flow there is a wake extending almost all along the shroud surface whereas towards surge the wake is
more limited in extent but deeper in the blade passage and situated in the shroud/suction surface
corner.

Figure 6 shows typical measurement stations in the vaneless and semi-vaneless space of the vaned
diffuser builds. Results for two instances (positions of the impeller) are shown. The flow is
clearly unsteady with transient flow at the diffuser inlet and flow switching occurring in the
senivaneless space as the rotor blade passes. The quantitative effects of such flows are not
usually accamodated in diffuser design and it is difficult to believe that a better understanding
and control of this process would not yield worthwhile benefits. The unsteadiness of the flow field
is further emphasised in figure 7 where flow angle variation at various pglnt.s on the pitch diameter
of the diffuser vane leading edge show angular fluctuations of nearly 20°. If any further evidence
of the presence of unsteady flows is required these are demonstrated in figure 8 which shows the
average velocity at the diffuser inlet throat. The above results are for a vaned diffuser
arrangement in which the vane leading edge was at a radius ratio of 1.075 and had 22 vanes.

It is also noteworthy that in addition to the unsteady flow effects there are sizeable differences
in the average flow angle across the passage (acroas the diffuser vane hexghr.) for which no account
is normally made in the design process.

5 A Study of Stator Qutlet Flow in a Small Transonic Fan

As for a centrifugal compressor, the flow in an axial machine operating under reasonable stage
loadings and realistic tip clearances is exceedingly camplex and this study involved an assessment
of the flow conditions at the stator exit of a cowpressor stage. In this arrangement the blade
height wag 25wm and the rotational speed 70 000rpm. Figure 9 shows the experimental arrangement
s *h a single access window. In this case the Transit Anemameter described in Section 2 was used.
Although measurements were made downstream of a stationary blade row, the results were strobed at
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rotor blade passing frequency in order to ascertain the rotor unsteadiness tranamitted through the
stator. Indeed the degree of unsteadiness tranmmitted was surprisingly large. Figure 10 shows
typical results for design flow conditions. They show considerable distortion and of particular
interest is the low velocity region near the stator suction surface/hub corner providing evidence of
stall in this region. Similar problems have been reported in low speed campressor studies, Joslyn
and Dring (10) which probably arise due to excessive diffusion in the stator tip section and the
clearance flow.

6 Prablems

Processor - In Doppler systems the speed of the processor limits the number of fringes in the
control volume, Elder (11), and although analysis is possible (using the correlator) with only three
fringes, the analysis is more accurate and the turbulence intensity more easily defined if 10-20
fringes are used. This is not such a prcblem with counters and trackers (which generally have a
higher frequency capability but these tend to increase other prablems particularly where the signal
is very noisy). Transit anemometers have less exacting processing requirements because the spot
spacing is approximately ten times larger than the fringe spacing.

Seeding - Although there is a common requirement to operate with only natural seeding, almost
inevitably, additional seed:had to be added. For the studies described in this paper great care has
to be taken to ensure that seed particles are arcund 0.5 micron diameter, Elder (11).

For compressor studies where the flows are usually at a temperature of less than 200°% liquid
droplet seeding appears to be satisfactory although great care has to be taken when injecting the
droplets into the flow to avoid coalescing (the presence of large particles in rotating blade
passages becames immediately apparent because they tend to hit the blade surface and be centrifuged
onto the optical access windows). For turbine studies, due to the higher operating temperatures it
has been necessary to adopt solid particles (usually titanium dioxide although other substances have
been tried). The problem with small solid particles is that, although they may fundamentally of a
suitable size (typically 0.2 m) the particles tend to coagulate. The problem is made worse because
titanium dioxide is naturally hygroscopic. 1Indeed these problems may have become insuperable if the
plastic industry did not require titanium dioxide particles (of a suitable diameter)treated in a
manner preventing the hygroscopic nature and therefore the tendancy to coagulate.

Window Fouling - This a repeating problem and unless windows can be kept reasonably clean for a
period of approximately 40 minutes, measurements became increasingly tedicus. In-situ window
washing arrangements have been used in the past but their general use has been avoided because it
has usually proven possible to keep windows clean for longer than the 40 minute period. Instead of
these in-situ cleaning arrangements, care has always been taken to ensure the easy removal of
windows for cleaning. Excessive window fouling has often been found to be due to the excessive size
of oil seeding particles.

Difficulties have also been found with the use of anti-reflection coatings on windows because when
they are placed in harsh environments the coatings become damaged by particles in the flow and the
damaged coatings give more prcblems than uncoated surfaces.

Difficult problems have also required drastic and novel remeaies. In same cases where windows were
observed to suffer from the spluttering of oil particles on the surface which destroyed the
wavefronts of the input laser beams it was found beneficial to thinly coat the surface with oil
before mounting the window in the rig, figure 11. window surfaces 'treated' in such a manner
tended to reduce the 'spluttering' problem by dissipating the oil globules.

There are significant improvements to be achieved by using a window arrangment where the window is
not flush with the flow but displaced with a small apperture, typically lmm, opening onto the flow
as shown in figure 12. The limit here is the acceptability of the small apperture but the method
has proven useful for the input of Doppler input beam pairs which can often comfortably be
accamodated within lmm.

Signal Strenmgth - Throughout most turbomachinery studies in which laser anemometry is used, great
ﬁa—fus {s put on methods in which signal strength can be improved relative to background noise.
Methods of improving signal strength include using larger seed particles, more laser power (or more
appropriate frequencies for optimm PMT response) and fluoresence. Unfortunately these techniques
{and others which have been considered) suffer severe problems. For example:

a) Increased laser power - tests undertaken suggest that using more
powerful (ard expensive) lasers tend to generate almost equal
increases in signal and noise such that the ratio of signal to
noise is not noticeably improved. (It usually appears tha* it is
the low ratio of signal to noise that creates processing problems
rather than the lack of signal).

b) Larger seed particles - undoubtably this makes measurements
easier (due to their increased scattering capebility) but if this
requires particles greater in diameter than 0.5 m this inevitably
infers that flow tracking problems emerge in regions of rapidly
accelerating flow.




10-5

c) Fluarescent particles (which have the capability of differencing
the noise and signal frequency such that the signals can be
preferentially selected by the use of narrow band filters) -
again a useful idea but the size of the fluorescent particle is a
problem, also the advantages of the technique are overcome as
surfaces become coated. A derivative of this technique involves
coating surfaces fram which flare emerges with fluorescent
material. Again the purpose is to difference the flare (noise)
and signal frquencies but this has been found to be generally
unsatisfactory because better results can usually be obtained
with a black surface (matt black or gloss black).

Particle Bunchi - Bunching of seed particles can occur due to various factors and need not
necessarily iInfer that, at the place of measurement, the particles do not follow the flow. For
example if seed particles are injected locally into the upstream flow of an impeller only a
comparatively few of the particles may penetrate the wake flow where measurements are being taken.
This can cause scattered light intensity which varies with blade passing frequency. This periodic
variation in light intensity can be detected through the correlator (which after all is used because
of its inherent sensitivity to embedded frequencies). The tendency is for the correlation function
due to this phenceena to become superimposed on that due to the required signal, Brown, Forster and
Gill (12). This can occur for either Doppler or Transit systems and its exister.e tends to
caowplicate the 'baseline’ of the correlation function. To overcame this the analysis techniques
have to be modified. These procedures generally introduce some doubt in the accuracy of
measurements, particularly the definition of turbulence intensity (and especially for the Transit
system in highly turbulent regions).

7 Accuracy and Validation

In all studies great effort is undertaken to ensure, as far as possible, that results presented are
valid. This cawmonly involves three separate undertakings:

s a) Repeatability - It should be possible to repeat results to
within reasonably close tolerances (usually 1%).

b) Local Conservation of Physical Parameters (usually mass and
momentum) - This involves repeating measurements in adjacent
planes and camparing results for the conservation of mass and
angular momentum. Typical results are shown in figure 13 (note
that the parameters shown are only constant if density is
uniform).

¢} Agreement with Bulk Parameters - It should be possible to detine
{reasonably accurately) such parameters as overall mass flow and
work input across a rotor {using the Buler relation). 1Typical
results are shown in figure l4. It should be noted that the
mass flow check can be difficult to satisfy to even a camforting
level because of uncertainties in the local density
(particularly in high speed machines) and also that local
parameters may differ fram bulk factors where flow distortion is
present (for example due to the collector system).

It is considered that such checks are a important undertaking in laser anemameter studies providing
confidence to both the measurement engineer and aerodynamicist.

8 Conclusions

This paper has described same of the approaches and problems encountered during studies in high
¥ speed compressor studies in which laser anemometry has been used.

The paper also describes studies undertaken to examine the flow in both Centrifugal and axial flow
cawpressors. These studies have shown that the impeller cutlet flow and stator outlet flows are
very distorted.

L In conclusion, it is worth cammenting that, despite the high speed flows inwvolved in these and
similar high speed campressor stuides, the laser anemometer can be applied and has provided useful
results.
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- DISCUSSION

A.Boutier, FR

First a comment: at ONERA we found an oil (Rhodorsil) which allows measurements with a L2F until 700 K.
Secondly, [ want to mention works done on data processing of the autocorre{ation function by Dr Staas (Phifips
Research Lab.) and Dr Tiemersma — Thoone in Netherlands: they tend to point out that the best way is to use a linear
transform to obtain @, u'2) instead of Fourier or cosine Fourier transform, especially for turbulence rates not too low

(cf. Proceedings of ASME Meeting in Miami, November 1985 and LDA Symposium in Manchester, December 1985).
What is your opinion?

Author's Reply

The temperature limits for seeding presented in our paper are only intended to be indicative of those for materials we
have used. They are not absolute limits and the substance you have mentioned will add a useful extension to the
temperature range for liquid seed, although not satisfying our current temperature requirements,

Referring to your question about data analysis techniques, although we have no direct experience of the technique you
refer to, we have undertaken quite detailed comparisons of correlator data reduction techniques (reference 9 of our
paper) and these have demonstrated the ability of cosine transform techniques to extract the required information from
the correlation function. These techniques, however, are computationally cumbersome and in low noise situations there
are several other equally adequate and simpler techniques.

A.Ederhof, Switzerland

There are discrepancies in locally measured and integrated and overall data in mass flow (about 10%) and work. Do
you think these deviations are caused by LA inaccuracies or mainly by integrating locally achieved data and comparing
them with bulk data?

A.Melling, UK

The checks on mass flow and work done indicated on figure 14 are difficult to perform because of uncertainty in the
determination of local density and possible deviation from axisymmetry of the flow.

In addition, it is not clear a priori that the product {mean density) X (mean velocity) is the same as the mean of (density)
X (velocity). In my experience, the mean flow found by integrating the velocity profile from laser anemometer
measurements is invariably higher than that found from, say, a nozzle flowmeter, as your results also show. A systematic
discrepancy arising from particle lag would require that the work done factor be lower than that deduced from the
enthalpy rise of the fluid, although this is not consistent with figure 14b. Would you be able to comment whether the
deviations are systematic or random?

Author’s Reply

You are of course correct in suggesting the difficulties associated with simple minded averaging; however, such checks
remain an essential confidence building feature, not (o be dismissed lightly, although comparisons should be qualified.

The largest areas of uncertainties appear to be associated with the averaging process which is based on inadequate
numbers of data points and inadequate knowledge of the density field. Another problem is the possibility of
circumferential distortion. Bearing in mind these uncertainties, the agreement shown (on average much less than Dr
Ederhof suggests) was considered to be reatistic. There appears to be littie reason to attribute any disagreement to the
basic accuracy of the laser anemometer.

The disagreement observed was not attributed to systematic errors because, considering both these and other results, |
find no systematic trend and all discrepancies are within the uncertainties described above. Maybe the problems you
refer to can less easily be dismissed during studies on larger machines where more detailed flow mapping is possible. [
would also add that the photon correlation process (used here) is less susceptible to biasing results to larger seed
particles than other systems where some analog threshold is used.

J.Fabri, FR

I would make a comment on this discussion, I think it is better to make a check even if it is not perfectly correct than not
to make any checking.

AS.Nejad, US

We worked in a compressible highly turbulent flow (hundred feet/s). The mass flow deduced from LV velocity
measurements is always higher than the measured mass flow. The local mean velocity value is always higher than
expected due to the higher probability for measuring high velocities and to the coincidence bias when using 2D LV this
induces also incorrect measurements of the turbulence intensity.

When you try to make velocity measurements very correlated on two components, you introduce a very small window
(i.e. 10 to 20 ps) and you systematically record only the very fast particles that meet your criterion of small window. So
your local is always higher than the true velocity. Many methods of velocity weighting may be uscd; high data rates are
necessary. All these problems are not easily solved.

e - v
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A.Boutier, FR
[ do not want to initiate a debate on velocity bias, because it will last all the day: but I want 1o make some comments.
> Importance of velocity bias can only be shown at high values of the turbulence rate, not at low values. The criterion of
MacLaughlin-Tiederman which says that you measure more higher velocities than lower velocities is completely false:
in practical cases you must not apply this correction. You have to verify the physics of your flow, i.c. to calculate the
correlation coef{irient between the data rate and the velocity.

There is no significant velocity bias in the low turbulent flows described in the paper.
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LASER VELOCIMETRY STUDY OF STATOR/ROTOR INTERACTIONS
IN A MULTI-STAGE GAS TURBINE COMPRESSOR

{

AD-P005 532

M. Carlson Williams
United Technologies/Pratt & Whitney
400 Main Street
East Hartford, CT 06108

Summary

The ﬂ;asurement of airflow through multi-stage compressor rigs has generally been
limited to the use of flow perturbing pressure and temperature probes.‘~A1tKough
limited studies of the dynamics of these flows have been obtained with hot wire and
hot film probes, &£he advent of the laser doppler velocimeter with its non-

-, perturbing nature is expected to develop into the preferred instrumental method. = 2
—-Tolassess the feasibility of ,utilizingran LDV in these flows,an--exploratory program
sponsored under the NASA Energy Efficient Engine Contract, NAS 220646, was recently
undertaken at Pratt & Whitney. -K multi-stage compressor rig,-the Energy Efficient
Engine high pressure compressor cvonsisting of 6th through 15th compressor stages, was
outfitted with windows between the 6th stator-7th rotor, 9th stator-10th rotor, and
13th stator-1l4th rotor. The windows, extending circumferentially one stator gap
wide, permitted hub to tip traversing midway between the stator trailing edge and the
rotor leading edge both in and out of the stator wakes. A confocal two color,
two component back scatter LDV system developed for use in gas turbine
environs was employed to obtain detailed mappings of velocity magnitude and
air angle as a function of rotor position-(;;logo angular increments were
resolved) at several spanwise and gapwise positions downstream of the 6th
and 9th compressor stators. Although a complete mapping was not obtained,
sufficient data was acquired behind the 13th stator to identify the flow's
character there as well. g - v

The equipment employed in this study and the difficulties encountered . will be de-
scribed. (Data typical of the findings will be presented. Unexpected modulations in
the data kave led to the application of spectral analysis techniques to identify and
characterile the periodic fluctuations. Emphasis will be placed on these data
analysis techniques and the insight gained from their application on the data.

Introduction

Laser doppler velocimetry (LDV) techniques have advanced considerably since their
introduction in the late 1960's; matched with improved data acquisition systems, the
LDV has become a cost effective tool for the study of aerodynamics and hydrodynamics
in many fields. Use of the LDV at Pratt & Whitney got underway in 1969 and evolved
in the direction of operating in harsh environments. Primary goals

included high sensitivity to accommodate relatively small windows for

on-axis backscatter gas turbine studies and rapid data acquisition rates to

minimize test times.

Initial studies at Pratt & Whitney were directed at jet flows and intrablade fan
flows where the relatively large working distances, although presenting numerous
groblems, did not require the instrument to focus close to window surfaces or rotor
ubs where substantial quantities of flare light originate. Following the successful
application of Pratt & Whitney's LDV in a number of engiie intrablade fan studies, it
was felt that the next significant flow to address was the interrotor

passages of a high pressure compressor. A NASA funded study was planned in

which a detailed mapping of the stator/rotor interactions would be

attempted with this nonintrusive device. 1In addition to demonstrating the
capabilities and (or) problems associated with this technique, the

availability of data from a non-perturbing instrument would help assess the

relative value of LDV and conventional pressure and temperature probe data

normally utilized in {nterrotor studies.

Optical Instrument

A two color, two component LDV system operating in a confocal backscatter
configuration has been developed at Pratt & Whltne{. Figure 1. A Spectra
Physice Model 164 argon ion laser operating in "all lines mode” supplied
approximately 800 milliwatts to the head. Divergence of the incident laser
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beam was reduced in the LDV by first passing the beam through a galilean
telescope type assembly to adjust the beam diameter to tailor its size to
the numger of fringes and fringe spacing required by the flow to be studied
and to materially reduce the beam divergence from the laser to minimize the
generation of false turbulence signals (better then 957 divergence
reduction is normally achieved). This instrument incorporates path length
compensation to permlt laser operation without an etalon, dichroic beam
splitters for color separation during beam splitting, and remotely
positionable sensitivity vector beam orientation (resolvable to +0.05
degrees). This assembly is coupled to a half wave plate which is
configured to rotate at one half of the beam splitters' rate to maintain
the proper light polarization for the beam sglitters' coatings. The beam
splitters in this assembly were placed at 56° included angle rather than
the 90° orientation frequently utilized. Although a 90° orientation could
have been employed, the narrower 56° included angle is generally employed
since it permits the two axes to nominally be within 28° of the anticipated
flow direction. This orientation substantially increases the effective
swept area of the probe volume while concurrently decreasing the effect of
angular fluctuations on angle bias generation. In this study although
substantial velocity fluctuations were anticipated, angular fluctuations
were expected to be small enough that only one orientation of the
beamsplitters would be needed for all testing (this proved to be the case).

Backscattered light from the instrument's probe volume was collected by a 3,158 inch
diameter trepanned multiple element achromat which incorporated a large, 2.125 inch
diameter center stop for flare light control. The control stop served to limit the
probe volume length viewed by the collection lens. 1In addition this stop serves to
increase the signal to noise ratio by preventing scattered light from regions some-
what outside of the probe volume from enterin§ the annular collection lens. The 7.48
inch focal length collection lens' effective focal length was F3.80. Light collected
from the probe volume was brought to focus on a field stop who's size determined the
field of view available to the photomultipliers (PMT). Separation of the

signals from the two fringe volumes was accomplished with color separating
beamsplitters in the PMT housing.

Test Vehicle & Modifications For LDV Testing

A full scale experimental multi-stage compressor comprising rotors 6 thru
15 developed for the NASA Energy Efficient Engine was powered by a 40,000
horsepower steam turbine for this study. To evaluate the potential
difficulties associated with making LDV interrotor velocity measurements,
three axial locations were selected for study.

The first window location, aft of the 6th stator and forward of the 7th rotor, was
chosen to serve as a benchmark since the seed would have passed thru only one
rotating stage and particle migration would not be severe enough to significantly
restrict measurements throughout the passage. Based on earlier transonic engine fan
tests, it was anticipated that data acquisition at this location could be routinely
accomplished., The window, 3% inches in the circumferential direction by 1 inch
axially permitted a radial traverse from hub to tip behind approximately 4 inch span
stators. In the circumferential direction the window permitted probing from midway
between the stators thru a stator wake to the corresponding location in the next
passage.

The second window was located in the 9th stator-10th rotor region and was also placed
to permit hub to tip and 507 stator gap to 1502 stator gap traversing.

This location, following four rotor/stator stages, was expected to

delineate any problems with seeding loss to the airfoils and walls., In

addition the passage height had shrunk to 1.85 inches increasing the

likelihood that window and hub flare would make measurements near these

surfaces difficult.

The third window in the 13th stator/l4th rotor region was chosen to maximize the
difficulties faced by the LDV, passage height was reduced to 1.05 inches and the seed
would have to survive the passage thru 8 stages of compression and an air temperature
rise of several hundred de%rees F which was anticipated to promote seed evaporation.
Whether the material as a liquid would survive depended somcowhat on the increased
pressure, roughly eight times atmospheric which might somewhat compensate for the
600+°F rise in gas temperature.

The inner surface of the windows were ground to a cylindrical contour chosen to
closely approximate the curvature of the rig's outer flow path. In a window of this
type, traversing the LDV vertically (circumferentially) from the normal to the rig
axis results in the two incident laser beams for each LDV axis being refracted by
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differing amounts for all beam orientations except when the plane of the two incident
beams is parallel to the rig axis. This variabigity introduced into the calibration
constants of the 0.488 and 0.5145 micron sensitivity vectors can be somewhat con-
trolled by proper choice of the window's outer surface contour. An analy-

sis was performed at Pratt to select outer contours in an effort to control

this effect”. Although a complex figure for the window would have

permitted better control of the optical distortions, a cylindrical grind

was chosen to keep fabrications costs to a reasonable value. Following

polishing, the windows were anti-reflection coated on both surfaces.

The windows, formed of approximately 0.25 inch fused silica were fitted into meta.
frames. The frames were fabricated with approximately 2 wil wide slots upstream of
the window's inner surface. These slots were used to conduct washing fluid via an
internal channel from either of the remotely located reservoirs. During testing when
data rates and (or) signal quality degraded (suggesting that the window had become
fouled), either or both of the supplies would be momentarily pressurized to introduce
acetone and(or) demineralized water into the airstream immediately upstream of the
window. Generally a 1 to 2 second wash (approximately 1 to 2 cubic centimeters) of
each fluid would restore the system's performance.

Di(2-ethylhexyl) phthalate (DOP), atomized by four Laskin nozzles was introduced into
the ducting one hundred feet upstream of the test rig. A lower vapor pressure oil,
Dow Corning's DC704 diffusion pump fluid, was obtained as an alternate seed in the
event that evaporation of the DOP occurred. A second backup material,

nominal 1.0 micron diameter ziconium dioxide injected by a fluidized bed

seeder was also prepared in case the DOP and DC704 were both

unsatisfactory.

Test Program

Initial testing was performed in the 9th stator/10th rotor region with the single
component LDV utilized previously in a number of transonic fan studies. These
efforts demonstrated the viability of getting good measurements at this location.
Using these data as a bench mark, the optical head was converted to the

recently completed two component mode in order to ascertain whether the

more efficient two component mode of operation could be effectively

utilized in this study®. A series of repeat points were acquired that

demonstrated that the two component system's performance was comparable.

All remaining data were obtained with the two component optics.

Circumferential traverses were made at each of five spanwise locations, 20%

span intervals separated the traverses radially while circumferential spacing varied
with the finest spacing used to define the stator wake regions; generally ap-
proximately 10 circumferentially spaced locations were probed at each spanwise
location. The LDV head can be seen in Figure 2 operating at the 9th stator/10th
rotor window locations, the 6th stator/7th rotor window is visible to the right. No
difficulty was experienced in obtaining data at all locations probed in this region
of the compressor. Seed migration effects were not found to be an obstacle to data
acquisition, data was obtained everywhere that the instrument probed, and measure-
ments were obtained as close as 0.06 inches from the rig's hub. Once the 5 radial by
10 circumferential point matrix has been completed, a similar set of traverses were
performed thru the upstream window. A similar matrix was then attempted at the 13th
stator/l4th rotor window. At this location data rates dropped to unacceptably low
values due to seed loss thru evaporation and window contamination. A lower vapor
pressure oil, DC704 diffusion pump oil, was substituted for the DOP and testing
resumed. Although an increase {n data rate was obtained, the increase was not
sufficient to permit a detailed mapping in this region. Despite this difficulty a
few representative data sets were obtained which showed the flow structure at this
location. Additional seeding experiments utilizing l-nominal 1.0 micromn zirconia
suspended in DOP and dispersed via the Laskin nozz%e seeder and 2- dispersing dried
1.0 micron zirconia from a fluidized bed were attempted but also met with limited
success. In addition to not obtaining adequate seed at the 13th stator/l4th rotor
location, a significant problem was encountered in keeping the window's inner surface
clear of contaminants. Fluids used to periodically wash the upstream windows during

1 An analysis of this aberration and window/lens designs to control the problem can
be found in Internaticnal Symposium On Laser Anemometry, FED Vol. 33, Winter
Annual ASME Meeting, Nov. 17-22, 1985, see pages 293 to 298, "LDV Measureuments In
Pipe Flow Problems and Experiments"”, by H. Els & G. Rouve.

2 Optical gerformance of the new two component system was expected to be
comparable to the single component design but this had not been estab-
lished in an engine test environment., Consequently a demonstration of
the two component head's capabilities was needed before undertaking a
program of this scope.
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testing vaporized at this test location. The only way the windows could be cleaned
was to reduce the rig operating speed, wash the windows, reset the test condition,
and try to obtain a gata point before window contamination again excessively degraded
the LDV signals. At this point the program goals to obtain data wherever possible
and to identify gotencial problems with LDV testing in multi-stage

compressors had been met and testing was terminated. One hundred and

thirty-six data points had been obtained with complete mappings at the 6th
stator/7th rotor and 9th stator/10th rotor locations and 201 of the

matrix completed at the 13th stator/l4th rotor locations,

Data Reduction

Each of the data points consisted of 2 velocity components with 100,000 to 300,000
measurements per velocity component. During the acquisition phase each velocity
measurement was assigned a rotor position value indicating which of approximately
1000 angular positions of the rotor that the measurement occurred in. Acquisition
times o% 3 to 10 minutes per data point were typical. The data acquisition system
employed in this study is shown in Figure 3. The first step in data reduction was to
order the data by angular position (hereafter,referred to as click position), review
the resulting histograms for possible editing”, and obtain the mean of each histo-
gram. Figures 4 & 5 shows typical low and high turbulence level histograms obtained.
Figure 6 displays the results of analyzing all 1000 goaitions and plotting in the
upper graph the number of velocity data per click, the middle gragh displays the
histogram’'s turbulence intensity per click, and the lower graph the mean velocity per
click, These data were placed in a dasa base accessible by the Compressor Aero-
dynamics Group for review and analysis . These data were then vectorially added to
the second velocity component data to produce the resultant velocity vector and air
angle data displayed in Figure 7.

Fourier Analysis

An unusual aspect of many of the data sets obtained is the beat like behavior found
in the component velocity and resultant velocity mappings. The strength of these
features was found to be a strong function of location within the passage with
periodic high frequency wave forms becoming strongest in the stator wake regions.

A 4 cycle per revolution beat frequency was observed in the 9th stator/10th rotor
location for many of the data sets, see Figure 8. This suggested that the perio-
dicities observed were being caused by the 66 bladed rotor 9's blade wakes in-
teracting with the forward ptopagating back pressure field from rotor 10's 62 blades.
Bear in mind that what is being displayed is spatially separated velocity anomalies
not temporally distinct periodicities. For example Figure 5 shows a distinctly
bimodal distribution indicating that a periodic oscillation was probably occurring at
this click location yet the periodicity of the oacillation was not recorded in the
acquisicion process. In the following displays only the mean value of the dis-
tribution is used, i.e. all time information has been ignored.

To investigate this beat phenomenon further a Fourier transform (FT) routine was
developed to transform the wave form, either Figure 6's velocity component wave,
Figure 7 or 8's resultant velocity vector or air angle curve from the spatial into
the frequency domain. Figures 9 and 10 display the result of transforming
Figure 8's velocity and air angle curves with the spatially discrete
periodicities that contributed to the measured waveform clearly observable.

In analyzing these results it quickly became evident that many more rotors

than the immediate upstream and downstream rotors were contributing to the
velocity fluctuations observed. In fact in some data sets periodic
contributions from as far forward as rotor 6 were clearly discerned aft of
stator 9, Figure 10 displays such a data set with the fundamentals and
harmonics from the various rotors identified.

Wave Form Enhancement

With the contributing components' frequency and amplitude levels clearly
identified, the possibility of manipulating the data to enhance wave forms

3 No data editing was found to be necessary for the bulk of the data. At the 13th
stator/l4th rotor location noise began to appear due to window contamination. All
data is presented with no editing.

4 Results of3the aerodynamic analysis will be released in the NASA Contract Final
Report, "E” High Pressure Compressor, Rig #70749-03 LDV Data Assessment".
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of specific interest suggested itself. One approach investigated involved
extracting only the wake wave form created by one rotor, ignoring all

interactions with other rotors. First an FT was performed on the velocity

or air angle curve, then the real and imaginary components of the

fundamental and harmonics assoclated with the rotor of interest were

extracted, and finally an inverse Fourier transform was performed on these data.
Figure 11 displays velocity and air angle data from a 9th stator/10th rotor location
where the 9th rotor's 66 blades wakes were severely distorted by the presence of a
strong bow wave propagating forward from the 62 blades of rotor 10. The average
or mean rotor 9 blade wake shown in Figure 12 was extracted frowm Figure

11's velocity curve in the manner described above. In a multi-stage

compressor with windows located between every stage, this method could be

employed to track the distortions introduced and decay produced by passage

of a specific rotor's wake thru successive stages.

A second method employed was to subtract out only the contribution of one rotor by
similarly performing the FT, identifying and removing the real and imaginary terms of
the wave form to be deleted, and performing an inverse Fourier

transformation (IFT) on the remaining data. In this fashion, a

particularly strong perturbation created by a nearby rotor can be removed

allowing weaker fluctuations to be more clearly observed. The upper graph

of Figure 13 shows a portion of an air angle wave form from the 501 gap/50%

span locatior of the 6th rotor (26 blades)/7th rotor (50 blades) data set

in which the 50E (times engine order) signals from the downstream rotor

clearly dominates the data. The fundamental and 2nd thru 4th harmonics of

rotor 7 were deleted from the transform and the IFT performed, the lower

portion of the figure shows the resulting wave form with the 26E blade

wakes now clearly visible,

Conclugions

The initial thrust of the program, identify the viability of using an LDV to obtain
nonperturbing measurements of air velocity and angle in the stator/rotor
interaction region of a multi-stage compressor, was clearly demonstrated to

be practical.

o Initial concerns with the possibility of locally unseeded regions developing after
passage of the seeded flow thru several stages of a compressor was not
found to be a problem. No seed level degradation was observed afrer
four stages of compression. After eight stages, unrelated seeding
difficulties arose but no locally unseeded regions developed.

o The additional pressure created in higher stages of compression is not sufficient
to offset the increasing volatility o% DOP seed produced by the rising
temperature. Lower vapor pressure oils or solid particulates will be needed for
future testing in these regions.

o Either wmethods of cleaning windows during high temperature rig operation will have
to be develoged which remain effective at the highest stages of compression or
possibly methods of supplying a continuous gas purge could be developed.

o Turbulence introduced by rotor wakes persist in terms of identifiable velocity
fluctuations for several stages before mixing reduces the rotor’'s contributions to
unidentifiable randow fluctuations.

o Although the data was not recorded in a fashion that preserved the temporal
aspects of the measurement, Fourier transform techniques could be usefully
applied. The spatial wave forms obtained could also be manipulated with
FT techniques to extract additional information about hardware related
periodicities present in the flow,
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DISCUSSION

A.Strazisar, US
You mentioned that your windows were not constant thickness in an attempt to correct for refraction effects. Was this
correction sufficient to bring all 4 beams of your 2-colours system to a common focal point?

Author's Reply
Yes, at all window locations, both beam crossing (4 beams) and the coannular collection optics were brought to a
common enough focus so that data acquisition on both channels was not impaired.

R.Schodl, GE
What is the size of the probe volume?

Author’s Reply
We have about 30 fringes inside the probe volume; its diameter is 80 um, and its length 350 um.

R.L.EMer, UK
In the afterburner tests you have discussed. what do you believe were the seeding particles?

Author’s Reply
Our experience indicated that the non augmented flow produced considerably higher data rates than augmented. As the
various stages of augmentation were introduced, there was no significant change in turbulence levels, suggesting that
beam steering by hot gas cells was not significant. Consequently, I feel the reduction in data rates was due to a reduction
in the number of particles present. From this I concluded that the LDV was detecting carbon particles formed in the
engine combustor and that many of these particles were combusted in the augmentor during augmentation.

R.B.Price, UK
(1) Whatis the minimum particle size that your system is able 1o detect?
(a) theoretical design value
(b) that you achieve practically in the multi-stage compressor tests,

(2) Whatis the size distribution of the seed particles in the multi-stage compressor experiments?

Author's Reply

(1a) We have not performeu a theoretical calculation on the minimum particle size that the instrument would be
capable of sensing.

(1b) Injet flows, with no intervening windows or far wall light scatterers that could degrade the signal to noise ratio.
experiments have suggested that the 183 mm focal length optical configuration (as used in this study) can detect
approximately 0.2 um diamcter particles. However in the normal gas turbine environment, where optimum signal
to noise ratios are not achieved. a minimum particle diameter detected of 1 um is more realistic. It is our intent to
perform an experiment in a three stage compressor shortly, which will provide a more exact answer to your
question.

(2) The size distribution of the seeded used to disperse the DOP seed used in this study was recently measured. | have
not had an opportunity to review these data as yet but have been informed that “distribution peaks at 0.6 wum with
very few particles larger than 1pum™. | am afraid that [ cannot be more definitive.

B.Lskshminaraysna, US

Where did you inject the particies? Upstream of the blade or upstream of the stage? Did you have trouble getting
enough particles?

Author’s Reply B
We introduced the seed at the roof of the building, 30 m upstream of the probe volume locations; the particles had to
pass through two or three elbows and a plenum chamber.

At the last measurement location, we had difficulties getting the data. We used DOP: we were hoping that the increasing
pressure on the seed will compensate the temperature elevation, so that the particles may stay around; unfortunately
this seed evaporated. Then we went to Dow Corning 704, which is a vacuum pump oil, with a lower vapour pressure,
but not successfully. DOP and Zr0, were mixed: this seed slightly improved the data rate; but the window was rapidly
getting dirty. Because of elevated temperature we could not wash the window (no success with alcohol, acetone, etc...).
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SUMMARY
' The L2F-velocimeter is a suitable device with which to perform experimental studies on instaticnary
effects in turbomachines. This report describes the execution and the evaluation of L2F-measuretents
within and near the rotor blade channel of a single-stage, cold air test turbine.
The measurements provide information on instantaneous distribution of the 2-D flow vector as well as
the components of random fluctuating velocity. The turbine rotor flow is periodically unsteady, be-
cause of the upstream inlet guide vanes. In order to ensure the almost complete reconstruction of
all possible rotor-to-stator orientations,the discrete measucements are evaluated by cambining a local
and chronological interpolation procedure. ‘A-discussion of experimental uncertaintius in this appli-
cation of the I2F-technique is included. .

LIST OF SYMBOLS
B  number of rotor blades
¢ flow velocity in the absolute frame
M  number of measuring segments within one blade period
n rotational speed
PS pressure-side
s  separation of beams
SS  suction-side
t  time
w  flow velocity in the relative frame
coordinate
“
a  flow direction in the absolute frame
8 " " " " relative "
¥ circunferential angle
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INTRODUCTION

In order to determine the overall performance of a turbamachine the flow is assumed te be stationary
and in most cases the subsequent detailed design of &n engine is based upon stationary measurements.

In a real engine, however, the flow is unsteady because of the interaction between blade rows; therefore
the reliable performance prediction and optimization of modern engines requires more and more the con-
sideration of unsteady effects, especially with respect to loss production, heat transfer, noise gene-
ration and the aerodynamic stability of compressors.

The interaction of adjacent blade rows causes periodically fluctuating flow conditions in the downstream
as well as in the upstream direction. The potential flow effects act in both directions, whereas the
more powerful wake and secondary flow effects lead to inhoamogenous distributions of flow parameters
downstream of the generating blade row.

Same investigations are known in which attempts to compute the unsteady inviscid flow-field by modelling
the wakes of an upstream blade row were made [6].In other investigations, measurement and/or calculation
of unsteady boundary layers was attempted [7], But calculation without comprehensive test data for veri-
fication is only speculation., Further progress in this field requires detailed measurewents of the un-
steady flow effects throughout the flow field. Because of the lack of a suitable measuring technique for
the unsteady interaction, wall-pressure measurements and in same cases hot wire or hot film puches (even
rotating) have peen the only source of information until the development of the laser measurement tech-
nique.

During the last 10 years the laser-2-Focus velocimeter has proved to be an extremly useful tool for in-
vestigating the unsteady flow in rotating turbamachinery camponents. The L2F velocimeter makes it
possible to oollect such two—dimensional data as the velocity, the direction and the turbulence energy
even in the periodically unsteady flow field near and within rotating passages. By using small windows
and a special ‘raverse mechanism it is possible to examine most of the flow regions of interest, even
near the walls.

Distinctive advantages of the L2F method developed at DFVLR with special regard to turbomachinery appli-
cation are the high sensitivity, which enables in back scattering even the detaction of about 0.1 rm
marticles, and the possibility to automate the time.consuming measuring procedure.

This report contains the description of the unsteady flow phencmena occuring in a turbine, the measure-
ment technique, and the evaluation of data from the unsteady rotor flow, including a discussion of
measurement uncertainties. In conclusion, the test apparatus and same results from our turbine experi-
rents are depicted.

UNSTEADY FLOW EFFECTS IN A TURBINE DUE TO THE INTERACTION OF ADJACENT BLADE ROWS

The reason for periodically unsteady flow effects in turbomachines is the relative rotational velocity
of two adjacent blade rows. In the vicinity of each blade row there is an inhomogenous flow field which
is periodical in the pitchwise direction except for manufacturing inaccuracies. A blade passing any kind
of gradient in the flow field causes unsteadiness.

In principle, there are two different kinds of aerodynamic rotor-stator interaction, the first being po-
tential flow or inviscid effects and the second wake and secondary flow or viscous effects. The gradients
due to the potential flow are periodic pressure, velocity and direction distributions extending upstream
and downstream of an airfoil, the upstream potential effects being stronger because most profiles have
their largest loading in the leading edge region. These gradients decay exponentially with increasing
axial gap. The potential aerodynamic interaction is therefore important only when the axial gap is small.

The interaction caused by a wake is possible only downstream of the wake-generating blade row. The gra-
dients convected downstream are periodic distributions of aerodynamic losses and therefore of the velo-
city including radial comporents as well as a periodic distribution of turbulence intensity. The ocam-
plete mixing of a weke needs several chord lengths downstream, thus wake interaction cannot be avoided
event when the following blade row is distantly spaced. These interactions are of the most serious conse-
quence.

Similar to the wake interaction is the downstream interaction caused by secondary vortices. Secondary
vortices near the casing and the hub may cause local differences in the static pressure and in the velo-
city vector. Moreover the vortex can accumilate flow material with high losses and turbulence energy
(10).The mixing of the vortices usually takes place farther downstream than that of the wakes, thus this
kind of interaction may be present even with extremly large axial gaps.

Other possible kinds of interaction between blade rows with relative rotational velocity may be due to
shock propagation, tip clearance flow and coolant jets. J

In principle, it does not matter which blade row rotates; oconsequently there is no fundamental difference
between compressors and turbines. The real effects of both kinds of interactions, however, are different.
Looking at the rotor blade row of a single stage compressor,the relative flow field of the rotor is al-

rost stationary because of the harogenous inlet flow conditions and the weak upstream potential effects

of the stator blades whereas the stronger downstream effects of the rotor blades cause the fluctuating

flow field near and within the stationary blade row. Looking at a single stage turbine, the stator flow is al-
most stationary except for weak upstream effects of the rotor, whereas the rotor blades chop the stationary
periodical stator wakes, causing the strong unsteady effects near and within the rotor blade passages.

In both cases, the entire internal flow field is more or less instationary and the instantaneous flow
pattern differs from passage to passage in the circumferential direction as a consequence cf different

relative positions of the interacting blade raws. In multistage turbomachines, the situation is more i
compl icated because wakes and vortices persist for oonsiderable distances downstream. If more than two
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blade rows with different blade numbers are involved, the experimental investigation of the superimposec
effects would be difficult.

All the above-mentioned interactions between adjacent blade rows are periodic with the frequency of the
passing blades or passages which generate the disturbance. In a detailed investigation of unsteady turbo-
machinery flow, these periodic fluctuating flow quantities must be recorded as a function of space and
time. In general the internal flow of a turbomachine is turbulent, and this superimposed randam fluctu-
ation should be recorded as well. Consider, for instance, the phase locked flow field in a turbine rotor.
Each rotor fixed point will feel a velocity distributic-~ similar to that shown in Fig. 1. The velocity
history shown in the figure locks like the record of a hot wire anemometer rotating with the rotor. The
periodic decay of the velocity corresponds to the wakes of the stator vanes and the disturbances with
higher frequencies are the turbulent random velocity fluctuations which are higher near the center of
the wakes. The periodically fluctuating velocity c(t)is the phase locked average of the real velocity
C(t); c'(t) is the turbulent fluctuating component. Using a hot wire anemometer it is complicated to
separate the periodic and the random fluctuating component, but with an L2F device, the instantanecus
reasuring technique and the statistical evaluation of the data, discussed later, directly lead to the
rean velocity c(t) and the standard deviationv o'Zas well as to the fluctuating flow direction a(t).

L2F MEASUREMENT TECHNIQUE IN PERIODIC UNSTEADY FLOW

The laser-Two-Focus (L2F) velocimeter, which was used to carry out the flow velocity measurements in the
rotating blade channels of the turbine rotor, had the following characteristics:

laser power 500 mn

diameter of focused beams 10 um -

separation of beams 350 pm

axial lenght of the probe volume 600 um

f-number of the receiver optics 3.7

focal length of the receiver optics 350 mm

signal processing time-to-pulse-height converter plus multichannel analyser

The I2F system was mounted on a x-y-coordinate table. The laser beams were transmitted through a casing
window to the prabe volume in the rotor flow channel and aligned so that the optical axis of the L2F
system intersected the turbine rotor axis at a right angle. By controlling the x-y-table, the probe
volume could be positioned along the axial and radial coordinate of the turbine. In order to define the
measuring point in the circumferential direction, electronics providing "Multi Window Operation”, i.e.
offering the possibility of measuring the velocity distribution at different locations between the blades
simultaneously, were used. The method of operation can be explained with the help of the timing diagram
in Fig. 2. A signal from the rotor (upper trace) is required. The periodically generated bipolar pulses
correspond to the blade frequency. A control signal is generated which reduces the laser power periodi-
cally for an adjustable time period T just at that moment when the blade passes the probe volume - see
P.M—signals. The delay time T, compensates the pace difference between the rotor signal and the pass-—
ing signals (P.M.-signal). T: is also adjustable.

(The strong reduction of the laser power during the blade passages is necessary in order to protect the
photamultipliers from becaming saturated by the strong reflection from the blade. The saturation renders
measurement impossible for a certain time, which often is not small campared to the blade period.)
Immediately after the blade passes, the laser is switched to full power again - control signal at high
level - and an internal timing/routing signal divides the blade period into 16 different circumferential
positions. Just at the moment when a stop signal appears - generated by a particle passing the stop beam
- the routing value (in this example 10) is stored. The measured time interval is then stored into that
part of a group of memories which correspords to the indicated routine value.

The phase difference between the rotor signal zero crossing and the blade passages is determined by the
different circunferential positions of the rotor signal pick up and the L2F system (these were not
changed during measurement period) and by the axial changes in position of the probe volure. At a fixed
radial position the known blade profile contour has a fixed phase relation to the rotor signal. This
relation must either be known or be determined by measurement. For this purpose the photamultiplier
blade surface signals can be used as shown in Fig.2. In order to get this blade signal , the laser was
not switched off campletly during blade passages. Since the axial position of the prabe volume is known,
the blade contour can be established relative to the measuring windows. The velocity mean values were
reduced from the time-of-flight data of each memory group. They belong to the center position of each
window.

The L2F-velocimeter was operated in the simplified version, i.e. the two-dimensional frequency distri-
bution of the fluctuation velocity vector was not measured but rather the two one-dimensicnal marginal
distributions. By this method, which is described in ref. [3], measuring time is saved. The data evalu-
ation procedure is explained in ref. [9}. The results of the calculation are such velocity mean values
as magnitude and direction of the absolute mean flow vector camponent in the circumferential plane and
the turbulence intensities of the absolute velocity in directions of, and perpendicular to, the measured
mean flow vector. The measurement accuracy of the L2F device was determined to be better than 1% for the
velocity camponents and better than 5% for the turbulence intensities, when the level of turbulence was
less than 20% (8). In measuring turbine rotor fiows, additional sources of uncertainty are possible.

As it was mentioned already, the L2F technique cannot determine the distribution of the unsteady flow
velocity fram blade to blade as a continous trace, but rather, uses a finite nmarber of storage segments.
Depending on the rotor position, each measurement event is collected in the corresponding segment. The
mean values of velocity, angle and turbulence intensities of each segment can be related to a certain
circumferential position within the rotor pitch, e.g. the middle of the measurement segment. To achieve
a good resolution of the flow field, it is desirable to have as large a number of segments as possible.
However, if the mmber of segments is increased, the measuring time also increases, because it is neces-
sary to collect a sufficient number of data in each segment to allow a statistical evaluation. Also, if
the number of segments beocomes too great, the time of flight of a particle between the two focal points
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In the present application, the ratlo tpg/ts) was greater than 5 at the worst {c = 100 m/sec).

Ancther error due to the finite width of the measurement segments occurs when there is a gradient of the
flow velocity or angle. If it is assumed that the collected L2F events are uniformly distributed from
side to side, i.e. circumferentially within the segment, a linear gradient of the velocity does not alter
the computed mean values, but it does lead to ah apparent increase of the turbulence intensities. An
assessment of the order of magnitude showed that in most cases the apparert turbulence level was in the
uncertainty region of the measured turbulence intensities. However, in flow regions with high periodic
fluctuations and low turbulence intensities, e.g. in front of the rotor blade leading edge, a correction
of the measured turbulence intensities seems necessary.

In an axial turbine the largest velocity components can be expected in the axial and circumferential
direction, but actually also radial velocity components occur. These are caused by three-dimensional
flow effects, e.qg. by secondary flows or tip clearance influence. Due to the lower velocity in L -~ sta-
tor vane wakes a radial movement towards the hub occurs as a consequence of the reduced radial pressure
gradient [1]. By means of five-hole probe measurements, the radial flow angles behind the statcr of the
turbine stage were found to be less than t 10°. However, if the wvelocity in the mean {low direction is
decelerated by an adverse pressure gradient, e.g. in the vicinity of the blades or by secondary-flow-
induced separation, significantly greater radial flow angles can be expected. Additionally, in a turbu—
lent flow, radial velocity fluctuations occur. The axial length of the measurement volume, which was
roughly twice the distance between the measuring foci, assured that the present configuration of the
L2F velocimeter coould be applied up to radial flow angles of + 30°, This was sufficient for most

of the measuring locations investigated. In some locations, however, even with very lang collecting
times, no useful results could be cbtained, This happened mainly very close to the side walls and in the
vicinity of the trailing edges, where boundary layer separations may have occured. One way to conduct
measurements in locations with high radial components would be to reduce the distance between the local
points while keeping the axial measurement volume length comstant.

To improve the signal rate and thus to reduce measuring time, additional seeding was introduced into the
test ajr. The seeding particles were oil droplets (mean diameter about 0,07 um, see [4)), which had an ex-
cellent flow-following behaviour. They were injected into the flow through a seeding probe. The positic—
ning of the seeding probe was sametimes a difficult problem. As shown in Fig.3 the position of the seed-
ing probe depends on the measuring location (e.g. A or B) according to the flow path in the absolute
frame. Problems occur due to the different stator poeitions established. The seeded flow pach often in-
teracts with the stator blades and is thus destroyed. A two-axis positioning of the probe was required
in order to optimize the signal rate at each measuring location. Certainly, there was not the same im-
provement of the signal rate at all measuring locations. Close to the walls and especially in separation
zones only a reduced seeding particle rate was obtained because of the lower mass entrainment fram the
main flow. In such flow regions the measuring time increased significantly.

DATA EVALUATION IN UNSTEADY ROTOR FLOW

The unsteady distribution of the flow quantitijes in or near a rotar blade channel is determined by the

circunferential position of the rotor wheel relative to the stator vanes. Therefore, in a turbine rotor

with a mumber of blades which is not an integer multiple of the stator vane oount, we have a different

flow in each rotor chammel at each instant in time. An cbéerver moving with the rotor wheel would see

this in any particular channel as an unsteady flow which is periodic with stator vane frequency. However,

the LJF system is an cheerver who is locking fram the abeolute (stator) reference system and a special
is necessary to transform the measured data into the rotor reference system.

In the case of rotor flow analysis, it is generally necessary to transform the measured flow quantities

from the abeolute to the relative frame of reference. For mean velocity and flow angle this can be easily
done by use of velocity triangles with the assumption of constant rotor speed. The mean squares of ran-

dam velocity fluctuations, which are a measure of turbulence intensity, are determined parallel and per-
pendicular to the mean (abeolute) flow direction. The derivation in the appendix shows, however, that to
campute the mean squares of the random velocity fluctuations in any o*her direction, e.g. in the relative
frame of reference, it is necessary to know the mean square of the mixed product of the velocity fluctu-
aties cl' C¢p ) i.e. the shear canponent of the Reynold s stress tensor.

Generally it is possible to determine C)' cgy by evaluation of the cmplete two-dimensional probabili-
ty density function of ¢, and ¢, in each measurement segment, but actually this means an increase of the
mamruqtuebyatlenitufagoroflo[8].Acmpletsnuppmqofamrbmemr\ondbeeaman
expensive venture in this case. However, as it is shown in the , the sum of the mean squares of
randan fluctuating velocity, which is a measure of total (2D) turbulent kinetic energy, is invariant for
arbitrary rotations of the reference system:
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Schodl showed in (8] that the mean square of the randam velocity fluctuations parallel to the mean
(absolute) flow direction is determined with greater accuracy than the mean square of the perpendicular
fluctuations for high values of intensity. For this reason it is often sufficient to assume
isotropic turbulence and to use c)'" as a measure of it.

By circmferentially rotating the stator vane row with respect to the laser measuring volume, the non—
uniform Stator exit flow can be examined (Fig. 4 left). Due to the fact that for constant stator position
(fs,d'a measured data for each of the 16 segments corresponds to another stator-rotor position (j?=50R ~Ps

extensive interpolation is necessary to evaluate the camplete momentary distribution of the flow quanti-
ties for an arbitrary stator-rotor position.

In Fig. 4 right the magnitude of the stator-rotor angle ¢¢ is plotted as a function of stator circumferen-
tial position and measurement it mmber { mﬂ:er1herecon~espondstothepressmsweo£
the blade ar the design rotor inlet or exit stagnation streamline, and the higher numbers move to the
suction side). In this figure each segment was replaced by its central circumferential anglepp (e.g.
stator position A was highlighted.) Stator-rotor angles ¢pof magnitude greater than the scatar pitch can
be considered, from periodicty, as caming from the adj t channel. By this arrangement all measurement
positions can be treated as belonging to a single stator chamnel and the individual stator positions
fallmli.neswithanaxgleof45°Lpardandtotheright,wtmﬂ\emlmof§paxﬂ are chosen equal.
Each measurement location corresponds to a group of measured or derived flow quanti + e.9. the magni-
tude of the relative welocity. Thus it is possible to define a two-dimensional discrete function for
each flow quantity. To obtain an image of a mowentary flow situation it is necessary to extract the res-
pective values for constant stator-rotor anglesa. As can be seen in Fig, 4, right, a maximum of 4 mea-
surement locations would be available in this drrangement ( 6 stator positions) without further inter-
polation. Moreover, anly in some discrete stator-rotor position would an evaluation be possible. However,
it is known that the flow development in each of the 16 segments proceeds periodically with the stator
pitch. Therefore, in each segment, the data fram all stator positions can be used for an interpolation
algorithm with periodical end conditions, which delivers an approximation of the desired flow quantity
for arbitrary stator-rotor angle ¢¢ . Thus for all possible stator-rotor positions a fine grid of base
points for spatial interpolation the circumferential direction becomes available. If the laser measu-
rement volume was positioned within the rotor blade channel, the evaluation procedure is identical ex-
cept that the mmber of measurement segments is reduced by the blade thickness in the circumferential
direction (Fig. 2).

Fig. 5 shows the history of the relative velocity at a measurement point 25% of axial chord in front of
the rotor at midspan as a contour plot.The diagram was developed from the arrangement of measuring points
in Fig. 4, right, by the described interpolation procedure. The velocity defect within the vane wake is
felt in only same of the stator positions and thus appears on a strip with 45° angle. [5). The rotor po-
tential influence which in contrast to the vane wakes also acts upstream, is already weak at this axial
location. Only a slight broadening of the wake is noticable in the measurement segments which are influ-
enced by the rotor leading edge pressure field.

Many of the experimental techniques used up to now in turbomachinery are based on procedures with high
time constants, so the data must be treated as mean values. This is especially true when measurements
are executed with such difficult experimental conditions as high rotor speed, high temperature etc.
Also most of the available methods for flow field computations produce steady state solutions. For com-
parison with such data, averaging of the L2F results can be performed in two different ways.

Low response data obtained in the absolute frame of reference neglect the unsteady influence of the ro-
tor. Camparable L2F data are computed by averaging over all measurement segnents for constant stator to
laser volume positicnys. (In the diagram Fig. 4, right, this means averaging along the 45°-lines).

Recently, more and more data have been published, which were cbtained with rotor-fixed probes or are
ocarmputational results for a rotor flow field in steady state condition. Here the unsteady effects of the
stator vane row (wake or potential influence) has to be dropped. This can be achieved by averaging the
lager data in each individual segment for all stator circumferential positions (this means moving along
the horizontal lines, i.e. Pg = const., in the diagram Fig. 4, right ).

EXPERIMENTAL, APPARATUS AND PRESENTATION OF TYPICAL RESULTS

The description of the experimental apparatus and the presentation of results from a test turbine are
repeated in part from previous papers [2,3,5], but it is useful here to show scme typical results of the
unsteady turbine flow (to illustrate the evaluation procedure just described).

The experiments which are part of the DFVLR turbine research work were cacried out with a single stage
oold air test turbine whose blading is a scaled version of a projected gasgenerator turbine from MIU-
mmich. The outer diameter is 0,45 m, the hub~to-tip-retio 0.756. The aspect ratio of the vane is

0.564, that of the rotor 0.811; the corresponding blade numbers are 20 and 31. The axial gap is 54 mm
at midspan so that as a consequence of the large gap upetream potential flow effects in the vane are
negligable. The turbine was run at a speed of n = 7800 rpm, yielding high subsanic maximm flow velocity.
12F measurements were conducted near and within the rotor. The position of the L2F velocimeter itself can

interest, seven amall plane windows in the casing are staggered in the axial direction (Fig. 6). The

casing of the turbine is split in a plane between stator and rotor; both parts of the casing can rotate.
By rotating the part with the windows and displacing the L2F-velocimeter in the axial direction into the
plane of the respective window, each position of the rotor flow field can be resched except those which
are shadowed by the twisted and slightly leaned rotor blade. For each fixed position of the optical axis
of the velocimeter, each position in the absolute frame of reference can be reached by rotating the up—
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the 16 time-dependent storage segments along one rotor pitch, 6x7x10x16 = 6720 items of information on
a single flow property at a given operating point of the turbine are necessary to take an almost com~
plete map of the rotar flow field, provided that the chosen spacing of the measurement locations is
sufficient for a reliable interpolation.

The laser beams and the electronics recording the signals as described above are controlled by 31 trigger
signals per revolution (corresponding to the rotor blades) fram a disk mounted on the shaft.

Following are same typical results of L2F-measurements from the above described test turbine. Fig. 8 de-
picts a typical instantanecus turbine situation between stator and rotor. In an axial position 6% axial
chord in front of the rotor blades at midspan both the downstream wake effects of the stator vanes and
the upstream potential flow effects of the rotor blades are visible. In the circunferential turbulence
distribution the frequency of the stator vanes is predominant; the maximm values of the dotted line
characterize the stator vanes. The corresponding velocity distribution (solid line) shows that the
pressure field in this axial position is govermed by the rotating blades. The inhomogeneity of the sta-
tor outlet flow only causes weak differences in the periodic velocity distribution near the rotor blades
but these differences significantly depend upon the instantaneous relative position of rotar to stator.

The fact that the circumferential distribution of turbulence near and within the rotor is mainly gover-
ned by the frequency of the stator vanes makes the measured turbulent kinetic energy a suitable parame-
ter with which to follow different flow material from specific locations in the stator passages. Fig. 9
demonstrates the Jssibility of following the stator wakes passing the rotor. The figure depicts the
midspan pattern . the component of turbulent kinetic energy cl" in three neighbouring rotor blade passa-
ges for an arb .rary instant situation. The high energy values typify the wake material. The distribution
shows the chc ping of the wake by the rotor blades and the deformation and turning of the wake segments
passing through the rotor channels. Overlaid on this distribution are the fluid filaments which separate
the wake from the undisturbed flow [5]. The solid and dotted lines reconstruct the movement of the sta-
tor wake by determining the path of the individual fluid particles. The solid lines reconstruct the move-
ment of the undisturbed flow whereas the dotted lines reconstruct the wake. The motion of a fluid
particle which enters the measurement region is described by a step-by-step application of the correla-
ted data w(t) and 8(t). If one determines the angular position of the rotor at which the particles of

a certain filament from the absolute system first reach the measurement area, then the subsegment parti-
cles enter the first axial measuring plane later at other positions because of rotation and can be
followed from there along their paths. As seen by an observer in the relative system, the filament enters
the rotor region with the absolute inflow angle o) and strikes first on the forward part of the blade
pressure side where it is chopped off. Because it is in the stagnation region of the blade, the newly
created end of the filament moves more slowly than the following particles and thus the filament begins
to take on the form of a bow. Within the entrance part of the rotor the 2-dimensional convective deforma-
tion of the fluid filaments agrees amazingly well with the distribution of fluctuation energy; the in-
creasing divergence further downstream is due to 3-dimensional effects which cannot be detected by the
LZF-velocimeter.

Another impressive result gives the idea of the rotor secondary flow. Fig. 10 depicts the instantaneous
distribution of the absolute flow angle in a plane perperdicular to the axis downstream of the rotor.
The rotor blade trailing edges are extrapolated along the mean design direction to characterize three
adjacent rotor blade passages. The regions with the strongest deviation gradients typify secondary
vortices arising in the rotor blade passages.

Apart from these different instantaneous plots it may be useful to evaluate mean values. Fig. 11 e.g.
depicts contours of time-integrated fluctuation energy cl" at midspan. The dotted lines characterize
the axial rotor section from leading to trailing edge. The identical contours of the averaged fluctua-
tion energy are repeated in the absolute frame in the circumferential direction in order to improve

the visual impression. Individual instantaneous effects of the rotor blades disappear. The outstanding
result shown in this graph is the strong turbulence increase in the entrance region of the rotor within
the stator wake material.

The possibility of time averaging in the relative frame of reference is demonstrated in Fig. 12. Here
the individual effects of the stator vanes disappear. The graph depicts contours of "relative" degree
of turbulence, that is, the results are calculated by referring the measured random fluctuation energy
to the locally measured relative flow velocity. The high turbulence at the pressure side near the lead-
ing edge may be of interest for quaei stationary treatment of the rotor blade boundary layer.

QONCLUSION

This report has described the execution and evaluation of Laser-Two-Focus (L2F) measurements within and
near the rotor blade row of a single-stage, cold-air test turbine. By aprlication of the L2F "Multi-
Window" procedure, each rotor blade pitch is circumferentially divided into 16 segments. In each segment
the ensemble averaged 2-D flow vector as well as the mean squares of the random velocity fluctuation
parallel ard perpendicular to the mean flow direction can be determined by statistical evaluation.

(The arrangement used here can not measure the radial components.)

The turbine rotor flow is periodically unsteady, even in the relative frame of reference, because of the
upstream inlet guide vanes. To record the unsteady rotor flow, the measuring procedure was repeated for
different circumferential positions of the laser measuring volume relative to the stator vane row. The
description of the unsteady flow field requires a sufficient local density of measuring points as well
as an adequate chronological resolution in order to ensure the accurate reconstruction of all possible
rotor-to-stator orientations. The discrete measurements are evaluated by combining chronological and
spatial interpolation procedures.

Possible presentations of the results include instantaneous plots of the complete flow field in differ-
ent planes of the rotor blade chamel as well as local distributions of time-averaged results in the
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absolute and relative frame of reference. By integration of instationary pathlines the convective deform-
ation of fluid filaments from the stator vane exit flow within the rotor blade channel was evaluated and
compared with the instantaneous distribution of turbulence intensity.
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APPENDIX

The mean squares of the randam velocity fluctuation parallel and perpendicular to the msan (relative)
velocity are defined as

wi'? = (wp - w2 (a.1)

v Y
Yer = Weem Ve
From Pig. 13,

wl‘ = cl' cos {B-a) ~ ct; sin  (B-a) (A.2)

"

Wyl = ¢’ sin (B-a) + c,l cos (B-a)

Then follows

wl'z = cl'2 cos® (B-a) - c,' €y sin 2 (B-a)] + r:m'r2 sin? (B-a) {A.3)
wer? < 002 sin? (B-3) + ¢y’ ¢l sin (2 (B-3)] + o 1% cos? (B-A)

and because &, 8 = constant (mean values)

/l wi'2 = c1'2 cos? (B-a) - ci' cgs sin (2 (B-a)] + c¢p? sin® (B-3) (A.4)
wet? = c1'2 sin? (B-q) + cy' c¢fb sin [2 (B-3)] + ct,‘rz cos? (5-3)
A
Eg. A. 4 shows that to derive the desired mean squares it is necessary to know the mean
ﬂ square of the mixed product of cl‘ and ctz'_, i.e. the tangential component of the Reynolds
stress tensor.
However, since
w ' wtxl-z = cl'2 (sin?  (F-3) + cos® (B-3))
j +C1" Gz {sin [2(B=3) = sin 2(B-0}1)
+c.2? (sin? (B3) + cos® (B))
(A.5)
Y4 2
4 = ] }
e S
it follows that the sum of the mean squares of random velocity fluctuations parallel and
] perpendicular to any arxbitrary direction is invariant.
b
-
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DISCUSSION

M.L.G.Oldfield, UK
The acceleration through the passage should change the relative magnitude of the streamwise and transverse
components of the turbulent energy. Did you see this in your results?

Author’s Reply
Analysis and reduction of our test data is still under way and we have not yet addressed this aspect, although we
certainly intend to. One should remember also in regard to our measurements that the streamwise components are
determined with greater precision than the transverse ones, and that both components of fluctuating energy are
measured in the absolute frame. As explained in the paper, there is no way to transform them to the relative frame
knowing the shear components of the Reynolds stress tensor.

R.E.York, US
Do you monitor turbulent intensity or turbulent energy?

Author’s Reply
The movie presents the two components of kinetic energy.
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COMBINED FRINGE AND FABRY-PEROT LASER ANEMOMETER FOR THREE COMPONENT VELOCITY
MEASUREMENTS IN TURBINE STATOR CASCADE FACILITY

Richard G. Seasholtz and Louis J. Goldman
National Aeronautics and Space Administration

—— Lewis Research Center
/’/ Cleveland, Ohio 44135, U.S.A.
SUMMARY
o

A laser anemometer is described that was developed for use in a 508 mm diameter
annular turbine stator cascade facility. All three velocity components are measured
through a single restricted optical port, both within the stator vane row and downstream
of the vanes. The measurements are made throuwgh a cylindrical window in the casing that
matches the tip radius of the cascade. The stator tested has a contoured hub endwall
that results in a large radial flow near the hub. The anemometer usesg a standard fringe
configuration (LFA) with a fluorescent aerosol seed to measure the axial and circumfer-
ential velocity components. The radial component is measured with a confocal Fabry-
Perot interferometer. The two configurations are combined in a single optical system
and can operate simultaneously. Data are presented to illustrate the capabilities of
the system.

=R

SYMBOLS

- . . .
ax:ay,3; unit vectors in Cartesian coordinate system

CFPI confocal Fabry-Perot interferometer

dg diameter of probe volume between 1/e2 intensity points
FWHM full-width half-maximum instrumental bandwidth of CFPI

£ focal length

fn Doppler shift frequency

fD1,2 Dopple:r shift frequencies of light scattered from beams 1 and 2
;1,2 wave vectors of incident beams

ke wave number (2n/))

;; wave vector of scattered light

LFA laser fringe anemometer (AKA dual-beam laser anemometer)
Pg inlet total pressure )

Ph,M hub static pressure at station M

Ry ,2 inner and outer radii of annular clear aperture

To maximum transmittance of CFPI

v velocity vector

Ver critical velocity (fluid velocity at Mach 1)

Vo velocity magnitude

Ve radial velocity component

Vt. measured transverse velocity magnitude

Vx) axial velocity component

Vg circumferential velocity component

ay angle between fringe normals and cascade axis (x axis)

n one-half beam crossing angle

Afp standard deviation of angular spectrum of incident beams (Eq. (15))
afp standard deviation of Pabry-Perot bandwidth

[33% standard deviation of laser frequency jitter

Afy standard deviation of Doppler shifted spectral peak

L

al
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AfR standard deviation of receiver aperture broadening (BEq. (10))
Afg standard deviation of sum of broadening effects (Eq. (17))
Afp standard deviation of turbulence broadening (Eq. (16))
AVe standard deviation of fluctuations of radial velocity
€ deviation of mean Doppler shift from true backscatter shift (Eq. (8))
(] angle between optical axis and flow velocity
6g angle between optical axis and scattered light vector
A laser wavelength
c one standard deviation
$ angle between cascade axis (x axis) and transverse velocity vector
[ angular coordinate of scattered light vector
angular width of clear aperture in mask used to reduce spectral broadening
f solid angle of collected light
< > expected value operator

INTRODUCTION

Modern turbine engine designs incorporate geometries that generate highly three-
dimensional flow. The accurate measurement of all three velocity components in turbo-
machinery research facilities is required for validation of new three-dimensional
computer codes under development at the NASA Lewis Research Center and elsewhere for
modeling internal flow., The well-known advantages of laser anemometry often make it
the best method for obtaining these detailed measurements of internal flow fields.

The preferable approach to three-dimensional laser anemometry is to measure the
three orthogonal velocity components directly (Refs., 1 and 2). This generally requires
optical access from two orthogonal directions if a fringe (LFA) or two-spot anemometer
is employed. Turbomachinery research facilities rarely permit more than a single
(usually small) viewing port. With this typical restricted optical access, three-
dimensional measurements become much more difficult (see Ref. 3 for a discussion of the
problem) .

The most common approach to three-dimensional measurements through a single port is
to measure nonorthogonal velocity components with an LFA (or a two-spot system) (Refs. 4
to 6). However, the error of the velocity component along the optical axis obtained
from this approach becomes large when the window size is small compared to the distance
from the window to the measurement region. In general, it is desirable to have an angle
between the axes of the LFA components of 30° or more (Ref, 7), although measurements
with angles as small as 17° have been reported (Ref. 8). Thus, in spite of the advan-
tages of the LPA technique, its limitation to the measurement of transverse components
has led to the investigation of other approaches for the measurement of the on-axis
component.,

One approach to measuring the component along the optical axis is the reference-
beam heterodyne technique. Used in a backscatter configuration, a reference-beam system
directly measures the on-axis component. This method has been combined with an LFA
{Ref. 9) to obtain three-dimensional measurements in a low velocity jet. However, one
difficulty with using the reference-beam method in high speed flows is that the Doppler
shift is about 4 MHz/m/sec for visible laser light. This results in Doppler shift fre-
quencies that can easily exceed the frequency response of most common photomultiplier
tubes. Another fundamental limitation of the reference-beam technique is expressed by
the Antenna Theorem_ (Ref. 10), which states that the maximum effective aperture area is
limited to about 1“/Q where @ is the solid angle subtended by the probe volume at
the receiver aperture. ¢

Another approach for measurement of the on-axis component is the use of a high
resolution optical interferometer to directly measure the Doppler shift. One example is
the measurement of the optical-axis velocity component in rocket exhausts (Refs. 11 and
12). We have previously shown the feasibility of using a confocal Fabry-Perot inter-
ferometer to measure the optical-axis (radial) component in a 508 mm diameter turbine
stator (Ref, 13). Also, we have described three-dimensional velocity measurements in a
free jet with the Pabry-Perot in a backscatter optical configuration (Ref. 14). Other
reported applications of laser anemometry with interferometers include wind tunnels
(Refs. 15 to 18), an MHD generator (Ref. 19), and a plasma torch (Ref. 20).

Interferometric measurement of the Doppler shift shares with the reference-beam
heterodyne technique the characteristic of providing a direct measurement of the on-axis
velocity component in a backscatter optical configuration. It offers the advantage of

—— e m— e~ e - - - —

-

e Al -




having essentially no upper frequencv limit, which is impertant in high speed flows.
(Actually, the use of an interferometer for low speed flows is much more difficult than
for high speed flows because of the requirements of an interferometer with extremely
high resolution and a laser with very good frequency stability.) Another advantage of a
confocal Fabry-Perot interferometer is that the amount of usable scattered light is not
limited by the Antenna Theorem, but instead by its light-gathering power (etendue).

This advantage, however, tends to be offset by its relatively low transmission.

The subject of this paper is a new three-dimensional laser anemometer developed for
use in the Lewis 508 mm diameter annular turbine stator cascade facility. The require-
ments for the anemometer were to measure the three velocity components through a single
relatjvely small viewing port with accuracy of 1 percent of velocity magnitude and 1° of
flow angles. The flow in the cascade is in the high subsonic regime with a significant
radial component produced by a contoured hub endwall. (Tip endwall contouring was not
used because of the difficulty of obtaining optical access for the laser system.)
Furthermore, it is necessary to measure small radial velocity components 1n the presence
of large axial and circumferential components.

Conventional fringe-type optics using fluorescent seed were selected for measure-
ment of the transverse velocity components. This technique has previously been used at
NASA Lewis for measurements in compressor rotor and turbine stator test facilit:es
(Refs., 21 and 22). After an evaluation of the various techniques discussed above for
measuring the third component (the component along the optical axis), a scanning con-
focal Fabry-Perot Interferometer (CFPI) was chosen.

In this paper, the Lewis turbine stator facility is briefly described. An analysis
of scattering theory as it pertains to velocity measurements with an interferometer is
presented followed by a description of the optical configuration of the three-dimensional
anemometer. Data acquisition and processing are discussed, and some results are pre-
sented to illustrate the capability of the anemometer in the cascade facility.

EXPERIMENTAL FACILITY
Stator Cascade

The core turbine stator, full-annular cascade included an inlet section, a test
section, and an exit section. A photograph and a cross-sectional view of the facility
are shown in Figs. 1 and 2. 1In operation, atmospheric air was drawn through the inlet
section, the blading, and the exit section and then exhausted through the laboratory
altitude exhaust system. The cascade is described completely in Ref. 23 and briefly
below,

The inlet section, consisting of a bellmouth and a short straight section, was
designed to accelerate the flow to uniform axial-flow conditions at the vane inlet,

The test section, for this investigation, consisted of a sector of four vanes that
were part of a full-annular ring of 36 vanes. The annular ring is shown in Fig. 3 and
a schematic cross-sectional view is shown in Fig. 4. The untwisted vanes, of constant
profile from hub to tip had a neight of 47.625 mm at the leading edge and 38.10 mm at
the trailing edge. The vane axial chord was 38.23 mm and the vane stacking axis was
located at the center of the trailing-edge circle. The hub endwall contour was "s™
shaped and the coordinates are shown in Fig. 4. The tip endwall had a constant diameter
of 508 mm and was not contoured, as explained in the Introductjon,

Cascade Flow Conditions

The test conditions in the cascade were set by controlling the pressure ratio
across the vane row with two throttle valves located in the exhaust system. A hub
static tap located downstream of the test section, where the flow was ascumed to be
nearly circumferentially uniform (station M, Fig.2), was used to set this pressure
ratio. For this investigation the hub-static tc inlet-total pressure ratio Ph M/PO was
maintained at a value of 0.724. This prevented the flow from becoming supersonic within
the cascade. The design pressure ratio for the previously tested (Ref. 22) cylindrical
hub endwall configuration (no contour) was 0.65 and would have produced supersonic flow
within the vane passage had it been used.

Windows

A cutout in the test-section outer vane ring (Fig. 3) provided optical access, A
second cutout was located downstream of the vane row. The windows were made from 3.175
mm thick window glass. They were formed into a cylindrical shape that matched the tip
radius by sagging them, in a vacuum furnace, onto a machined graphite form. The vanes
at the window were machined to the tip radius. A silicone rubber sealing material was
used to seal both windows to the cascade housing and to seal the vane tips to the win-
dow. At the vane row, the window covered about 39° in the circumferential direction
and was 4 cm high.
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ON-AXIS VELOCITY COMPONENT MEASUREMENT
Scattering Theory

This section presents the theory of using the two beams of a conventional fringe-
type anemometer with an interferometer to measure the on-axis velocity component.

Consider two beams with wave vectors Kk and ?2 incident on a particle moving
with velocity as shown in Fig. 5. For simplicity, the beams are assumed to lie in
the x-z plane and have an included angle 28, (The fringes formed by the beams thus have
normals in the x-direction as shown in Fig. 6.) The receiving optics aperture is
assumed to be an annulus centered on the bisector of the beams with outer radius R
and inner radius R and is located a distance f (the lens focal length) from the
beam crossing position. The wave vector of the scattered light is kg. Thus, in
Cartesian coordinates with the optical axis along the z-direction

K1,2 = ko (+ sin 8 8y + cos B 3,) (1)
Fs =k, (sin o  cos ¢, &+ sin B sin ¢, EY + cos 6  8)) (2)
V = vy (sin 8 cos ¢ 8y + sin 8 sin ¢ 8y + cos 8 3y) (3)
where a; denotes the unit vector in the i direction and the wave number ko = 27/).

The sgubscripts 1 and 2 refer to the two incident beams, and the first subscript corre-
sponds to the upper sign.

The Doppler shifts of the light scattered in direction ?5 are

1 . —
fp1,2 (Bgr0g) = 337 (kg - Ky ) =V

1 . -
X [thsxn es cos(aaS - ¢) + sin B cos ¢} + Vt {cos es - cos Bﬂ {4}

where V¢ = Vo, sin 8§ is the transverse velocity component and V., = V, cos 6 is the

componert along the optical axis (the radial component in the cascade). Note that the
scattered light is spread over a range of frequencies because of the finite extent of

the light collecting aperture.

The mean values of the Doppler shift frequencies of the scattered light collected
over the full annulus are

1 2n
LM ‘
<f01,2> = Q %- o fDl,z(es’°s) sin es d"’s des (3)
2

where ( ) denotes the expected value, and
Jr81-{2n
Q= sin eS d°s des (6}
92 o
is the solid angle of collected 1light. The limits on the integration over #8g are
given by
61,2 = 180° -tan~l(ry o/f) (1)
Carrying out the integrations, Eg. (5) becomes
1
£ - - i -
(Am’2>= 3 [: Ve sin 8 cos ¢ + 2(1 - o) vr] (8)

where

1 sinze1 - sinze
e=1 - 2
z

= + cos B
2 (cos 9 cos §,)

represents the deviation from pure backscatter and is generally (( 1. 1If the scattered
light from the two beams is of equal intensity, then the mean value of the frequency of
the light scattered from both beams integrated over the annulus is

(tp) = % ((fm) * ("D2>) =" % - e v, (9)

Thus, the mean Doppler shift is proportional to the optical-axis velocity component.

The standard deviation of the Doppler shift frequency of the scattered light is,
in general, given by
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AfR = <(fD - <ED>)2>1/2 (10)
If the light scattered from the two beams is not of egual intensity, the terms in
Eq. (8) proportional to V. will not cancel, and <(fp> will not, in general, be pro-
portional to V.. However, note that if the velocity is in the y-z plane (i.e., per-
pendicular to the fringe normals as shown in Fig. 6), ¢ = 90° and the Doppler shifts
of light scattered from the two beams are equal for any scattering direction,
Equation (8) in this case reduces to
(Epy) = )= -2 - v..¢=90e (11)
Dl) D2 A r’

Example
For the annular aperture described in the Optical Layout section,

91 = 176.3°

8y = 174.7°

B = 1,134°

€ = 0.00169
To estimate the spectrum of the scattered light, we can let 6g = 175.5° (since only
varies over a small range) and assume that the velocity is in the y-z plane (¢ = 98°)-
Then the Doppler shift frequency given by Eq. {4) becomes

=1 i -
£pleg) = 3 [0.0785 sin ¢V, - 1.9967 V:] (12)

The mean value of the Doppler shift is {(Eg. (11))

(o) - 1.2967 v, an

and the spectral width due to the receiving optics is (Eq. (10))

_0.0785 4. 2. \1/2
afy = S {sin“¢.) v, (14)

For light collected over the full annular aperture, &:inzos>1/2 = 1/\/5. For example,
if Ve = 250 m/sec and X = 514.5 nm, then Afg = 27 Z.

Magk for Reduction of Spectral Width

A technique for reducing the spectral width caused by aperture broadening is to
introduce a mask having a clear aperture angular width 2y as shown in Fig, 6. The
mask must be oriented as shown to ensure that the mean radial velocity measurement is
unbiased. An example of the spectral broadening for a transverse velocity V, = 250 m/sec
is shown in the following table for several masks.

acs GinZos)l/2 | atg,
30 0.294 11
45 .426 16
60 .542 21
90 .707 27

If the flow angle ¢ # 90°, then the spectrum will be somewhat broader than these
values.

one word of caution should be mentioned: if an angular mask is used which is not
properly oriented, then the mean Doppler shift frequency will be biased. But, if no
angular mask is used, the mean Doppler shift will be correct, although the spectral
width will be greater.

Other Causes of Spectral Broadening

In addition to the spectral broadening discussed above caused by the spread in the
wave vector of the scattered light, four other factors cause broadening. One iz the
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inherent instrumental broadening Afs. For the purposes of this paper, Afy is approxi-
mated by one-half of the FWHM bandwidth. (The FWHM bandwidth is given by the PSR
divided by the finesse, so Afp ¥ 30 MHz).

Another factor is jitter in the laser frequency (Afp), which is typically about
10 MHz in a low-noise, low-vibration environment. In a noiesy environment, such as a
test cell, the jitter will be greater. This jitter, of course, likewise affects the
unshifted peak and the Bragg peak. A third cause of broadening is the angular spectrum
of the incident beams, which is given by (Ref. 24)

Afp = V¢/ (¥dg) (15}

where V. is the transverse velocity and d, is the diameter of the probe volume.
For this application, Afg{l MHz an. therefore can be neglected.

Finally, fluctuations in the flow velocity (i.e., turbulence) cause broadening of
the measured spectrum. If turbulence broadening is greater than broadening from all
other effects, then the spectral width can be used as a measure of the intensity of the
radial turbulence. An estimate of the intensity of the turbulence fluctuations of the
on-axis velocity component is then given by

o oaf? - agdy /2
afy = (8F5 - A£Q) (16)

where Afy is the measured width (lo), and Afg 1s the sum of all other broadening
mechanisms except turbulence. The various broadening mechanisms are assumed to be
independent so Afg is given by the root-sum-square

2
B

2.1/2

2 2
af, = (AfL + Af + AfR + Af,) (17)

s

1f, for example, the turbulence is isotropic with 10 percent intensity, the mean
radial velocity is zero, and the transverse velocity is 250 m/sec, then the turbulence
fluctuations of the radial velocity &V, = 25 m/sec and Afp = AV /()/2) = 100 MHz.
This is larger than the broadening usuaily observed due to other causes; and, for this
case, the measured width could be used as a measure of the turbulence intensity. 1In
practice, the broadening due to the laser jitter and the instrumental bandwidth can be
determined from the width of the spectral peak of the laser light scattered from the
walls,

LASER ANEMOMETER SYSTEM
Optical Layout

A photograph of the optical system and the layout are shown in FPigs. 7 and 8. The
argon~ion laser was equipped with a temperature controlled etalon and had a maximum
output power of 0.8 W at a 514.5 nm wavelength with a vertically polarized TEMy, trans-
verse mode and single axial mode.

Lenses L1 and L2 (focal lengths 80 and 100 mm, respectively) function as mode-
matching lenses to position the beam waists at the focal plane of lens L3. The beam
divider (constructed from two appropriately coated 6.35 mm thick glass plates) split
the single beam into two equal intensity parallel beams (approximately 10 mm separ-
ation). The divider was mounted in a motor driven rotary mount, so the orientation of
the fringes could be set at any desired angle, A half-wave retardation plate (gear
driven by the mount at one-half the angle of rotation of the divider) was located at
the input of the beam divider to maintain the proper linear polarization at the input
of the beam divider.

The two parallel beams from the beam divider were turned by mirrors M3, M4, and
M5. Mirror M4 was elliptical with a minor axis of 15.2 mm and major axis of 21.6 mm.
The parallel heams were focused by lens L3 (250 mm focal length, 46 mm clear aperture)
to cross at the probe volume after being reflected by mirror M5. Mirror M5 was mounted
on a motor driven goniometer stage with axis perpendicular to the plane of the optical
table. This enabled the optical axis to be positioned along the radial direction in
the stator cascade.

The diameter (1/e2 intensity) of the probe volume was about 100 ym and the fringe
spacing was 13 ym (about 8 fringes). Light scattered from particles passing through
the probe volume (after reflection by M5) was collimated by lens L3, An aperture mask
with a central circular stop (diameter 32 mm) was used to reduce the effective length
of the probe volume, This mask blocked 50 percent of the full clear aperture of the
collection lens L3, which means the receiving optics had an effective f-number for light
collection of £/6. The pair of lenses L4 and LS (focal lengths 160 and 60 mm, respec-
tively) is used to reduce the diameter of the collimated scattered light beam to 17 am.
The beam is then split with a dichroic beam splitter, which reflects 514.5 nn wave-
length light and passes the longer wavelength fluorescence orange light.

After passing through a long wavelength pass filter LWF (to remove any residual
514.5 nm light), the fluorescent beam is focused by lens L6 (100 mm focal length)
through a 100 um diameter pinhole (PH) located in front of photomultipliec PMT1 (RCA
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4526). The signal from this PMT is processed by a counter-type processor to provide
velocity components transverse to the optical axis.

The light reflected by the dichroic beamsplitter is light elastically scattered by
seed particles (i.e., not fluorescence). This 514.5 nm wavelength light is focused by
lens L7 (100 mm focal length} through another 100 um pinhole and a 16 mm focal length
lens (L8, a 10X microscope objective). A narrow band laser line filter (LLF) removes
any residual fluorescence and background light before the light enters the confocal
Fabry-Perot interferometer (CFPI).

The CFPI has a free spectral range of 3 GHz and a maximum transmission of about
10 percent. The measured finesse (ratio of free gpectral range to instrumental band-
width) was about 50, The light exiting the CFPI was detected by photomultiplier PMT2
{RCA 8850). Photon counting electronics provided a digital count rate corresponding to
the light intensity passed by the CFPI. (Additional factors to be considered in the use
of a CFPI for laser anemometry are discussed in Ref. 13.)

An acoustic-optic modulator (Bragg cell) was included to generate a reference
signal offset from the laser frequency by 400 MHz. The 200 MHz Bragg cell frequency
was crystal controlled (the second order diffracted beam was used). This signal was
used to provide a calibration signal for each sweep of the interferometer. A lens (L9)
was used to collimate the beam before the Bragg cell.

Acoustic shielding was necessary to reduce vibration of the laser, which would
cause a large jitter in the laser frequency. (The acoustic noise level near the cascade
was measured at 105 dB.) The optics and laser were mounted in a wood box covered with
a layer of an acogstical foam and lead composite. The weight of the lead shielding used
was about 10 kg/m“.

Positioning System

The laser and optics were mounted on a 610 mm by 1524 mm by 64 mm thick aluminum
optical breadboard, which was mounted on a 3 axis positioning system with a 12 ym
positioning accuracy and 1 um resolution. The positioning system controller was
locaated in the test cell near the cascade with an RS-232 serial communications link to
the minicomputer located in the control room. In addition to the three linear stages,
the beam divider and goniometer mounted mirror were also controlled with this system.
This provided a sufficient number of degrees of freedom to allow the optical axis to be
directed along a radial line throughout the test region.

Calibration Procedures

A critical requirement for obtaining laser anemometer data for computer code veri-
fication is the accurate determination of the probe volume location relative to the
experimental hardware, For the stator cascade described in this paper, location accu-
racies of +25 um are desired. A complicating factor in achieving this accuracy is
that the stator cascade hardware moves relative to the lagser anemometer when going from
no-flow to flow conditions and when the ambient temperature changes. Because of these
reasons, position calibration must be done under test conditions. The needed parameters
are the coordinates of the cascade axis, the axial position of the leading edge of the
vane row, and the circumferential location of the suction and pressure surfaces of the
vanes at a given axial position.

These parameters are determined after the flow has been set to the test operation
condition and has stabilized. The location of a surface is determined by scanning the
probe volume through the surface and recording the intensity of the collected light.
The peak in the measured intensity corresponds to the center of the probe volume being
at the surface. An example of such a scan is shown in Fig. 9 for determination of the
hub location. The actual peak location is estimated using a least squares fit of the
data to a Gaussian as shown in the figure. By making several radial scans through the
hub at different circumferential positions, sufficient data is acquired to calculate
the coordinates of the cascade axis. The other parameters are determined gimilarly.
These procedures are automatically executed to minimize the loss of test time.

A scan through a norgal surface, as shown in Fig. 9, alsc shows the length of the
probe volume. At the l/e“ intensity points, the probe volume length is thus about
2.2 mm, Of course, the effective length of the measurement region can be less than this
due to the signal processor threshold and the size distribution of the seed particles.
In addition, the scattered light was simultanecusly measured in both optical paths to
verify that the probe volumes defined by the fringe and the Fabry-Perot receiving optics
were located at the same position. The peak locations were within 0.25 mm.

The following procedure was used to calibrate the fringe orientation relative to
the vertical axis of the positioning system. A 50 um by 3 mm air slit was aligned
parallel to the positioning system vertical axis and located about 140 mm from the probe
volume, The positioning system was used to twice scan the beams horizontally across
the slit. The transmitted light was recorded for each beam, and the optical system was
moved vertically between the two scans so that the beams were at the same position on
the slit. when the maximum light transmitted by the slit for both scans occurred at the
same indicated horizontal position, the beams lay on a vertical line (fringe normals
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vertical). By rotating the beams 180°, the angular rotation could also be calibrated.
The goniometer stage was calibrated in a similar manner. The fringe spacing (13.0 um)
was determined from the beam crossing angle measured by scanning the two beams across
the air slit with the probe volume at several distances from the slit,

Seeding

A fluorescent dye aerosol was used as the seed material for these tests. This
material allowed measurements (using the technique described by Ref. 25) to be made by
the LPA part of the system close to the hub, the vanes, and the windows. A liquid dye
solution (0.02 molar solution of rhodamine 6G in a 50-50 mixture, by volume, of benzyl
alcohol and ethylene glycol) was atomized with a commercial aerosol generator. The
aerosol was injected through a 6 mm diameter tube into the flow at the entrance of the
bellmouth.

The fluorescence, because it is broadband, is only usable for the fringe measure-
ments and not for the Fabry-Perot measurements. As a consequence, transverse component
measurements could be made closer to surfaces than could radial component measurements.
The Fabry-Perot measurements could be made to within 3 mm of the hub. Previous work
(Ref. 23) in a turbine stator cascade with a similar optical system using fluorescence
allowed fringe measurements within 1 mm of the hub. Of course, it is also possible to
use elastically scattered light for both the LFA and Fabry-Perot measurements. One
would just substitute an ordinary beamsplitter for the dichroic beam splitter and use
nonfluorescent seed.

DATA ACQUISITION

A minicomputer was used for experiment control and data acquisition. It was also
used to generate on-line displays of the data so that the system could be monitored for
proper operation,

Fringe Signal

The fringe signal from PMT1 was processed with a counter-type processor using four
cycles of the Doppler burst. The counter output data, consisting of Doppler freguency
and time-between-measurements, were transferred to the minicomputer via a DMA interface
having a maximum transfer rate of about 200 kHz. Data were taken at several fringe
orientations at each measurement position. For this experiment, the maximum number of
fringe orientations was limited to seven by the available minicomputer memory. The
fringe orientations were selected at 10° intervals and bracketed the predicted flow
angle. At each fringe orientation, 1000 data pairs were taken. The frequency data
(corresponding to velocity components) were stored in 256 bin histograms for later off-
line processing. Typical data rates ranged from 1 to 5 kHz.

Fabry-Perot

Data from the Fabry-Perot interferometer were obtained by scanning the passband
over a frequency range that included the laser frequency, the Doppler shifted frequency
of light scattered from seed particles, and the Bragg shifted reference frequency. A
linear ramp generator, which produced a sawtooth waveform with adjustable period, ampli-
tude, and DC offset, was used to scan the interferometer. The data from the photon
counting electronics were stored in 256 bin histograms; each bin contained the number of
counts in 1/256 of the sweep duration. An adjustable number of repetitive sweeps was
used to build a composite histogram. Typically, 20 sweeps of 1 sec duration were used.
Each sweep was examined by the computer to determine the bin number of the peak corre-
sponding to the Bragg reference peak. The data were then offset to place the Bragg
peak at a predetermined bin. This technique was used to eliminate the effect of drift
in the laser frequency for data taken over long time intervals. It was found to be
desirable to take data over several seconds to reduce biasing caused by short term
variations in the rate of seed particles passing through the probe volume. (The
observed varlation in the data rate was believed to be caused by random cross-flow at
the entrance of the bellmouth where the geed was injected.)

If the radial velocity is near zero, the above technique is not applicable, but
the following previously reported (Ref. 14) technique can be used. In that situation,
the signal from the seed particles overlaps the zero-shift signal from the laser light
scattered from the cascade walls. To extract the desired signal, two histograms are
constructed: one with the seeding turned on and one with the seeding off. The histo-
grams are subtracted during the data processing to give a Qifference histogram that con-
tains only the desired signal. (Of course, the noise from the removed peaks remains.)
For the result presented in this paper, this technique was not used. It would be
necessary for surveys taken farther from the contoured hub.
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EXPERIMENTAL RESULTS
Fringe Data

The fringe data were stored in histogram form - one 256 bin histogram for each
fringe orientation at each probe volume position. A typical histogram is shown in
Fig. 10. The mean velocity and flow angle of the projection of the velocity in the
axial-circumferential plane were obtained uring a two-step procedure., First, each of
the histograms was least-squares fit to a Gaussian function to get estimates of the mean
transverse velocity components th as a function of the fringe orientation aj.

These Gaussian histogram fits also provided estimates of the standard deviations of the
flow fluctuations as a function of angle.

The second step was to determine the transverse velocity magnitude V, and flow
angle ¢. These were found using the procedure described in Ref. 22, where V. and
¢ are found using a least squares fit to (Fig. 11).

vtj =V, cos(¢ - aj) (18)

The axial and circumferential components are then given by
Vg = Vg cos 9, Vg = V¢ sin ¢ {19)

Deviation of the data from the cosine model function provides an indication of angle
biasing errors. Angle biasing is caused by a variation of data rate with flow angle,
which causes the components at large angles from the mean flow direction to be biased
high (Ref. 26).

In addition to the Gaussian fit, the velocity components and standard deviations
were directly calculated from the histograms. The direct calculation usually gave
velocity components very close (within 0.5 percent) to those obtained from the Gaussian
fit, but the standard deviations tended to be larger (typically 5 to 10 percent larger).
This was probably a result of stray data on the tails of the histograms. Hence, the
results obtained from the Gaussian fit were used.

Fabry-Perot Data

Por simplicity, no angular mask was used in the Fabry-Perot receiving optics
(i.e., ¢ = 90°), so light was collected over the full annulus. The spectral broaden-
ing due the receiver aperture is thus given by Eq. 14, Data was taken at each of the
fringe orientations used for the fringe measurement; no appreciable differences was
noticed in the spectral widths,

The Fabry-Perot histograms consisted of three spectral peaks (Fig. 12)., The right
peak is a result of unshifted laser light scattered from surfaces near the probe volume;
its amplitude is a function of position of the probe volume. The left peak is the
reference peak from the Bragg cell; it is shifted 400 MHz from the right peak and its
amplitude could be controlled by the drive voltage on the Bragg cell. The center peak
corresponds to the Doppler shifted light scattered from the seed particles. Estimates
of the frequencies of the three peaks were obtained by a least-squares fit of the data
to a three peak Gaussian function, The Doppler-shift frequency of the light scattered
from the seed particles is thus proportional to the separation between the center and
right peaks, and the mean radial velocity is then given by Eq. 9.

It is also pussible to obtain an estimate of the intensity of the radial velocit
fluctuations as discussed in the section Other Causes of Spectral Broadening. For this
test, the width (lo) of the non-Doppler shifted peak was about 40 MHz, which included
broadening due to laser jitter and the instrumental bandwidth of the Fabry-Perot. The
receiving aperture broadening Afp, which depends on the transverse velocity, was less
than 30 MHz. Thus, the sum of all broadening effects except turbulence was less than
about 50 MHz. This is less than the observed width of the Doppler-shifted peak, so an
estimate of the radial component fluctuations can be calculated using Eq. 16. For the
histogram shown in Fig. 12, the rms radial velocity fluctuations were approximately
7 percent of the velocity magnitude.

Survey Data

An example of the measurement of the three velocity components is shown in Fig., 13.
These data show a circumferential scan between the suction and pressure surfaces of the
vanes at B0 percent axial chord and 10 percent span; this location is close to the
center of the contoured section of the hub where a relatively large radial velocity com-
ponent exists. The figure shows data taken on two dates as well as the results of a
three-dimensional inviscid computer code (Ref. 27). The DENTON computer program is a
time marching finite volume solution of the Euler equations. Shown are the axial com-
gonent Vg, the circumferential component Vg: and the radial component V . Also shown

8 the vefocity magnitude V,. These are normalized with respect to the critical
velocity V., to eliminate differences due to am' ient temperature changes between the
measurements performed on different days.
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The trends in the experimental measurements and the agreement with the theoretical
calculations are quite reasonable and encouraging. However, these preliminary results
are only intended to illustrate the capability of the anemometer and are not meant for
code verification purposes.

CONCLUDING REMARKS

The laser anemometer described in this paper is shown as a viable means of measur-
ing the three mean velocity components in an annular turbine stator facility. The addi-
tion of a confocal Fabry-Perot interferometer to a conventional fringe-type anemometer
allowed the measurement of the radial velocity component with a backscatter configura-
tion. The advantage of this technique compared with other methods of measuring the
radial component is that it does not require a large optical access port. An important
feature of the anemometer is its ability to measure a small radial velocity component
when the transverse component is much larger,

The scanning Fabry-Perot interferometer used in this work for measurement of the
radial (optical-axis) component does, however, have some limitations compared with
fringe and two-spot anemometers used for measurement of the transverse components.
These include an increased data acquisition time, an inability to measure time history
data, the need for an acoustic enclosure to protect the laser from the high acoustic
noise levels, and poorer performance near walls. Other applications having more
generous optical access may be better served by other techniques.
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DISCUSSION

R.Schodl, GE
(1) What is the velocity resolution in the low speed range of the Fabry-Pérot system?

(2) What are the smallest particles which can be detected by this system?

Author’s Reply
{1) The resolution of the radial velocity component measurement depends on several factors including the transverse
velocity (which broadens the spectrum), the turbulence intensity, and the amount of wall-scattered light that is
detected. For low turbulence, the resolution should be | or 2 m/s. Note that for small radial velocities (where the

spectral peak of the light scattered from the seed particles overlaps the spectral peak of the wall scatter) the seed
rate modulation techniques described in reference 13 must be used.

(2) Uniike the fringe and two-spot systems, the Fabry-Pérot signal is due to all particles passing through the probe
volume. The cffective size is thus given by the particle size distribution weighted by the scattering cross section.
The size can be very small for a large volume of small particles.

R.Elder, UK
What is the measurement volume size and can it be readily reduced?

Author’s Reply

The probe volume diameter is 100 um and the length is 2.2 mm. The length is given by the distance between the e™°
detected light power points as the probe volume is scanned through a surface normal to the optical axis (figure 9). The
probe volume size could be reduced by any of the following: either a smaller probe volume diameter (and
corresponding field stop), or a larger lens aperture (i.e. a faster lens), or a larger central aperture stop.
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SUMMARY

Velocity and temperature measurementsrhave beé®n obtained in a can-type combustor
operating at near atmospheric pressure. Velocity characteristics were determined with
a laser Doppler velocimeter and a digitally compensated fine bare-wire thermocouple
was used to measure the mean and rms values of temperature fluctuations. This paper
emphasises the experimental methods, identifies the main sources of imgrecision,
evaluates the estimate of the related errors and presents sample results so as to dem-
onstrate the effect of air-fuel ratio on the velocity and temperature characteristics
of the combustor. -

The imprecision in velocity measurements was mainly associated with statistical
errors and velocity gradient broadening effects due to the finite size of the measure-
ment volume. , The maximum statistical errors were of the order of 2 and 3% for the
mean and trms Lalues and the broadening effects can lead to overestimation by up to 25% in
the rms values of the swirl velocity component near the swirl centre.

-The error in the mean temperature was mainly due to radiation losses which mono-
tonically increased with temperature apnd were less than 8%. The catalytic effects
were small and limited to reqions close to the fuel injector, causing 2 maximum increase
in the mean temperature by no more than 70 K. The uncertainties in the time constant
resulted in a maximum error in the rms values of the order of 7s%.

The effect of AFR on the velocity and temperature characteristics was relatively
weak in the primary zone of the combustor. The effect became progressively more pronounced
at downstream locations With increased temperatures, thus reduced densities, associated
with lower air-fuel ratios resulting in higher mean and rms velocities.

1. INTRODUCTION

The experimental investigatioms of references 1 to 4 focussed attention on flows in
idealised axisymmetric combustors and provided important information. 1Isolation of a
certain part of the combustor field does not, however, allow representation of the
links between the fuel, primary jet, dilvtion jet and exit flows of a real combustor
and there is growing evidence, for example reference 5, that slight changes in combustor
geometry can alter combustor performance. Although the calculation method of reference
6 provides the foundation for interpolating and extrapolating the experimentally
acquired information, they embody approximations which have to be tested against
measurements. References 7, 8 and 9 provided experimental information in a can-type
combustor configuration of immediate practical relevance and, by so doing, increased
understanding of the salient processes and at the same time assisted the development of
calculations methods for predicting the flow in complex combustor geometries.

Reference 7 reports on the temperature and composition mecasurements in the present can-
type combustor and references 8 and 9 provide more detailed information on the velocity,
temperature and species characteristics of the combustor for a w.de range of ajir-fuel
ratios with and without preheat. The water model of reference 10 allows detailed
information, through increased optical access, on the isothermal velocity field of the
present combustor.

The main purpose of this work is to describe in more detail the experimental
methods previously used to measure the velocity and temperature characteristics, to
identify the main sources of imprecision associated with the techniques, to evaluate
the estimates of the related errors and finally to present some sample results so as to
demonstrate the effect of air-fuel ratio on the velocity and temperature field of the
combustor.

The following section provides a brief description of the combustor geometry and
gives a detailed account on the experimental methods and their accuracy. The third
section presents and discusses the results and Section 4 summarises the main conclusions
of the work.
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2. EXPERIMENTAL SYSTEM

2.1 Flow Configuration

The combustor used in the present study is shown in Figure 1 and is a model of the
low-emission can-type combustors described in reference 5. It is identical to that of
references 7, 8 and 9, is fabricated from a laminated porous sheet metal, known as
"Transply”, and consists of a hemispherical head followed by a circular barrel of
74 mm diameter which contains the rows of 6 primary and 12 secondary dilution holes.
The barrel is terminated by a circular-to-rectangular nozzle as shown in Figure 1.

The combustor is housed in a plenum to provide as near as possible a uniform flow
through the dilution holes. The swirler, which is fitted to the head, comprises 18
curved vanes oriented at 45 degrees and the resulting swirl number, according to the
definition of reference 1l1l,1is 0.73. The fuelling device used for the injection of
gaseous propane is mounted in the hub of the swirler and contains ten 1.7 mm diameter
holes located in a 4.5 mm radius and with their axes at 45 degrees to the axis of the
combustor.

The combustor was operated at near atmospheric pressure and with an inlet air
temperature of 312 K. The inlet air flow rate used was 0.085 kg/s which resulted in a
Reynolds number of around 8 10*, based on the combustor diameter. Various air-fuel
ratios (AFR) were used, covering a range from 40 to 70 which, typically, encompasses
full-power to ground-idle conditions in real combustion chambers. The fuel used was
high grade gaseous propane.

2.2 Velocity Measurements

Velocity measurements were obtained by a dual-beam laser Doppler velocimeter
operated in forward-scatter mode as schematically shown in Figure 2. The transmitting
optics comprised an Argon-Ion laser operated at a wavelength of 514.5 nm and at a
power ranging from 50 mW to 1 W depending on flow conditions and location, a beam
splitter, a Bragg cell unit which provided an optical frequency shift of 40 MHz, a
beam displacer, a mirror and a focussing lens of 500 mm local length. The collecting
optics consisted of a lens which focussed the forward-scattered light on the pinhole
of a photomultiplier. The main optical characteristics of the laser Doppler veloci-
meter are summarised in Table 1.

Table 1 Main Optical Characteristics of Laser Doppler Velocimeter
Half angle of beam intersection 3.85 degrees
Fringe spacing 3.83 pm
Length of measuring volume at 1/e2 intensity 3.67 mm
Diameter of measuring volume at l/e2 intensity 0.25 mm

Number of fringes in measuring volume at l/e2 intensity 65

Optical access was provided by quartz windows on each side of the plenum chamber
and through the primary and dilution holes as depicted in Figure 2. The comparatively
large dimensions of the measuring volume are a consequence of the need for a small
intersection angle to allow the beams to pass through the primary and dilution holes
of the combustor.

The flow was seeded with fine alumina particles with a nominal diameter less than
1.0 pm, dispersed in a purpose built spark discharge particle generator , reference
12. wWhen the optical shift was employed, the Doppler signals from the photomultiplier
were downmixed with a signal from an electronic frequency shifter and resulted in an
effectively lower freguency shift, variable in the range from 1 to 9 MHz to resolve the
directional ambiguity of the velocity vector. The output from the frequency shifter
was band-pass filtered and amplified prior to its input to a frequency counter. At the
combustor exit Doppler frequencies encountered were sometimes higher than the maximum
cut-off frequency of the frequency shifter (about 30 MHz). When this has occurred,
both the Bragg cell and the shifte: were circumvented, and the output of the photo-
multiplier was directly input to the counter via the filter. The counter was inter-
faced with a microcomputer which performed the statistical calculations to plot
velocity pdf's and obtain mean and rms vales of velocity samples of typically 3000.
The sampling rate was software controlled with a maximum value of around 20 KHz. For
the measurements presented here, however, a lower value of 0.1 KHz was used to mini-
mize the bias effects.

Errors incurred in the measurements of velocity arise mainly from two sources
associated with: 1) finite sample statistics and 2) velocity gradient broadening
effects due to the finite measuring volume size. The effect of the refractive index
gradients associated with combustion is negligible over the small diameter of the
present combustor (cf. reference 13) and seeding bias effects, reference 14, were
minimized by using similar seeding particle densities in the fuel and air lines as
suggested in reference 15. Velocity bias effects, see for example reference 16, were




also minimized by employing the relatively slow sampling rate of 0.1 KHz (cf.
reference 17); 1in general, the turbulence intensities were lower than 15% in most
regicns and the sampling interval was longer than both the expected turbulence time
scale and the particle arrival time.

The statistical error in the mean velocity value associated with a finite sample
size (N) is dependent on the local turbulence intensity and can be estimated, within a
certain confidence limit, according to reference 18, by:

{error)s = — —— (1)

where 2. is equal to 2.0 for a 95% confidence limit.

For example, the minimum sample size of 2000 used during the measurements results
in a statistical error in the mean value of less than 2% in the regions where turbulence
intensity is 30%.

The corresponding error in the rms value is independent of the local turbulence
intensity and can be estimated from:

2
(error), -, = —= (2)
Yu V2N

which indicates, with the 95% confidence limit, an error of about 3% for the minimum
sample size used in the measurements.

The error associated with velocity gradient broadening effects is of main concern
in the measurements of the rms value. The measured rms value contains contributions
from both the turbulence and the spatial variation of the mean velocity across the
finite length (L) of the measuring volume. The contribution associated with the mean
velocity gradient is given, from reference 13, by:

/G: . Ldu
Yuty = F EF (3)
and the associated error can be deduced from:
az
ferror),-; = (1 + —H)1/2 - (4)
Y u a2

According to equation 4, non-turbulent broadening effects can lead to over-
estimation by up to 25% in the rms values of the swirl velocity component in regions
close to the swirl centre. 1In most parts of the combustor, however, the maximumerror in
the rms value is less than 8%.

With the asgssumption of insignificant seeding and velocity bias effects, it is
expected, reference 14, that the measured velocity averages should be close to density
weighted averages. In reference 19, for example, the temperature measurements
obtained in a premixed flame and conditioned with velocity measured by a laser Doppler
velocimeter are closer to density weighted averages and thus suggest that velocity
averages should also be closer to density weighted.

2.3 Temperature Measurements

Temperature measurements were obtained with an uncoated thermocouple fabricated
from 40 um diameter platinum, 13% rhodium-platinum wire and digitally compensated.
The thermucouple wire was supported on 500 um diameter wires of the same material
cemented in alumina (2.5 mm O.D. tube) which in turn was placed in a stainless steel
tube of 4 mm O.D.. The output of the thermocouple was differentially amplified by a
low noise, low drift amplifier and digitised. The samples were stored in the memory
of a microprocessor at a rate varying between 5 and 13 KHz. The important features
of the electronic circuit are shown in Figure 3.

Details of the compensation arrangement have been described in reference 19 for
premixed flames with the following differences. In this case with a non-premixed
type flame, the variation of the time constant (1) was considered to be dependent
only on the fluctuating temperature and the variations with velocity and mixture
fraction were not considered. A preliminary investigation in non-premixed propane
bunsen-flames indicated that the varjation of the time constant with the mixture
fraction was unimportant and together with the relatively high velocities observed in
the regions downstream of the primary zone justified the above simplification in most
parts of the combustor. A linear variation of the time constant between 6 and 2 msec
was adequate for temperatures from 300 to 2000 K respectively.

The accuracy of the compensation procedure can be determined with reference to
Figure 4 which shows the frequency analysis of the thermocouple response. Figure 4{5)
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shows that frequenciesup to 2 KHz in the measured signal are still distinguishable from
the noise level of the system and Figure 4(b) shows the compensated spectrum

associated with that of the measured signal of Figure 4(a). The shape of the cumulative
energy distribution for t = 1(T), Figure 4(c), indicates that the frequency spectrum

up to about 1.8 KHz contains 95% of the total energy, which is within the frequency
response of the system. The uncertainty in the time constant reflects primarily in an
error in the rms of the temperature fluctuations and this can be estimated by calculat-
ing the consequences of a systematic error of 10% in the instantaneous value of the
time constant on the cumulative energy. 1In addition to the curve obtained with the
normal compensation procedure (that is 1t = t(T)), the cumulative energies associated
with a fixed mean time constant of 4 msec and for variations of *10% of this value
(i.e. T = 3.6 and 4.4 msec) are also shown in Figure 4{(c) and indicate a 15% variation
in total energy which corresponds to a maximum error of around 7% to be associated

with the rms of the temperature fluctuations. In common with reference 2 any

tolerance in T was found to be unimportant as far as the mean temperature is concerned.
Preliminary measurements obtained with 15, 40 and 80 um wires indicated almost
identical mean tenpevature values therefore suggesting that the averages are unweighted
and support the analyses reported in references 20 and 21.

The results presented in the following section are not corrected for radiation
losses or catalytic activity on the thermocouple surface, but the effects on the mean
temperature were quantified. The magnitude of the heat losses from the thermocouple
wire by radiation was determined by vacuum calibration in a vacuum chamber of about
10 torr (see reference 22 for further details). A ceramic coating was used to
evaluate the catalytic effects, and the absolute errors could be estimated by comparing
the radiation losses of uncoated and coated thermocouple wires.

Figure 5(a) shows the radiation losses associated with the coated and uncoated
40 um wire and also includes those associated with a larger diameter wire of 80 um for
comparison purposes. The fijure shows a monotonic increase of the losses with temper-
ature and that the values with the uncoated wires are 211 less than 8% for the measured
temperatures. Tha radiation losses in Fiqure 5(a) are calculated on the assumptions
that the radiation heat transfer between the wire and_ghe gases of the flame is
negligible and that the average radiation temperature (T+t)" 1S equal to T. The first
assumption is not likely to lead to significant errors in the present flame and the
effect of the second assumption depends on the magnitude of the temperature fluctua-
tions. The present results, however, indicate that the maximum intensity of temper-
ature fluctuations observed (around 13%) are likely to affect the radiation losses
indicated in Figure 5(a) by no more than 10%.

Figure 5(b) shows the radial profiles of mean temperature obtained at two axial
locations within the combustor with coated and uncoated wires of 40 and 80 um diameter.
In general, the discrepancies between measurements obtained with coated and uncoated
wires are accounted for by the differences in the radiative emissivites of the two
surfaces, except for z < 90 mm where catalytic effects may increase the measured mean
temperature by up to 70 K. This is due to the comparatively high concentrations of
unburned fuel that exist near the fuel injector, reference 8. The effects on the
rms of the temperature fluctuations are of secondary importance.

3. RESULTS AND DISCUSSION

The axial and swirl components of velocity were_measured with various AFR's from
40 to 70 and the corresponding mean and rms values (U, W and vu’, /w?) are presented
in radial profile forms for an axial location inside the combustor, corresponding to
the plane of the primary holes. Similar profiles are also presented at the combustor
exit plane but here care must be taken in interpreting the results due to the change
from cylindrical polar velocity components inside the combustor to Cartesian components
at the exit plane. The contours of_the -'ms temperature ¥ t?) are plotted for the
same plane as intensity contours (/t?’/T. to allow an easier comparison between one
AFR case and another.

3.1 Velocity Characteristics

Figures 6 and 7 show the influence of AFR on the mean flow field prevailing in
the primary and exit zone of the combustor, respectively. Figure 8 shows the corres-
ponding effect on the turbulence field of the combustor. In these figures, profiles
assocliated with the isothermal flow are also included for comparison purposes and
since they represent the flow in one of the limiting cases.

The axial velocity profiles of Figure 6 indicate that the primary zone recirc-
ulation has increased in strength and decreased in width compared to that with iso-
thermal flow. The combustion also results in more uniform velocity profiles at the
exit, Figure 7. The axial velocity profiles with different AFR's and in the primary
zone, Figure 6(a), are of similar shape and the maximum positive velocity observed
close to the wall is essentially independent of AFR. The velocities near the centre-
line, however, are influenced. Frr example, the centreline value increases as the
AFR is increased from a value of around -7 m/s8 at AFR of 40 to about +8 m/s at AFR
of 70. The trend here is practically identical to that observed with increasing fuel
injector flow in the isothermal case and reported in reference 9. The primary zone
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flow thus appears to be only weakly dependent on mixture strength. This feature is
also evident in the temperature measurements presented in the following subsection.

In contrast, the velocities at the exit plane, Figure 7, are strongly affected by AFR.
The higher temperatures and thus lower densities assoclated with the lower value of
AFR result in higher velocities.

The profiles of turbulent kinetic energy (k)_shown in Figure 8 afe calculated on
the basis of local isotropy (i.e. k = (3/4)(u? + w?)) and the higher centreline peaks
observed particularly in the primary zone, Figure 8(a), suggest a possibility of
precession of the swirl core, so that they may not be representative of turbulence,
In parallel to the trends observed in the mean flow, the effect of AFR on turbulence
is relatively weak in the primary zone, but a decrease in AFR from 70 to 40 causes a
significant increase in turbulent kinetic energy (around 2.5 times) at the combustor
exit. Local turbulence intensity values at the exit, however, remain independent of
AFR with maximum values around 13%,

3.2 Temperature Characteristics

The effect of AFR on the combustor mean temperature field is shown in Figure 9
corresponding to the mid-vertical plane of the combustor. Both AFR's (52 and 70)
result in temperatures in excess of 1900 K in the primary zone. Measurements could
not be obtained near the axis and upstream of the primary holes and this suggests
temperatures above 2050 K and close to the adiabatic values. An increase in AFR to
70, Figure 9(b), reduces, as expected, the temperature particularly in regions down-
stream of the primary holes. The maximum exit value is less than 1300 K in contrast
to that of above 1600 K with AFR of 52. In the primary zone, however, the temperatures
are very similar for the two AFR cases and confirm the observed trends in the primary
zone velocity field (see Figure 6); similar observations were alsc made for the
species concentrations of the primary zone, reference 8.

The corresponding contours of the intensity of temperature fluctuations are shown
in Figure 10. Although the rms values of temperature fluctuations are similar for the
two AFR's and are below 160 K, the lower mean temperatures associated with the higher
AFR result in higher intensities inside the combustor. The intensities near the exit,
in common with the velocity fluctuations, range to around 13%, tend to decrease with
temperature and have maximum values in the regions of maximum mean temperature
gradient. With the increase in AFR the highest values remain at around 13%, but the
relatively stronger influence of the secondary dilution jets with AFR of 70 causes the
peak values to move towards the centre of the exit plane.

4. CONCLUSIONS
The following are the main conclusions of this work:

1. The velocity characteristics of the combustor were determined with a laser
Doppler velocimeter. The errors incurred in the measurements were mainly due to
finite sample statistics and velocity gradient broadening effects, with overall
maximum uncertainties in the mean and rmg values of around 2 and 10% respectively in
most parts of the combustor.

2., The mean and rms values of temperature fluctuations were measured by a
digitally compensated fine bare-wire thermocouple. The errors in the mean values were
mainly due to radiation losses which have monotonically increased with temperature and
were less than B%. The catalytic effects were small and occurred in the primary zone,
increasing the mean temperature by up to 70 K. The maximum uncertainties in the rms
values were of the order of 7¢ and were due to uncertainties in the time constant.

3. The effect of AFR on velocity and temprature characteristics was relatively
waak in the primary zone of the combustor, but became progressively more pronounced at
downstream locations. Independent of AFR, the maximum intensities of velocity and
temperature fluctuations were around 13% at the combustor exit.
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l" DISCUSSION

A.Melling, UK
In figure 9 showing the effect of air-fuel ratio on the mean temperature, an increase in AFR from 52 to 70 led to a
particularly marked temperature reduction in the secondary zone. Was the AFR increased by increasing the secondary
dilution air while keeping the primary air flow rate constant?

Author’s Reply
No, the AFR was increased by decreasing the fuel flow rate while keeping the total air flow rate constant. The
temperature reduction in the secondary zone is thus associated with the local increases in AFR and stronger quenching
effects of the dilution jets, particularly on the CO to CO, reaction.

W.O’Brien, US
Please give more data on the method of production and introductiou of the alumina particle seed in the burner. Were
the particles sizes measured, and if so, how?

Author’s Reply
We generated alumina particle from a spark generator; a monodisperse aerosol was obtained with reduced
agglomeration. The particles are introduced upstream of the combustor in both air and fuel streams. We thought it was
necessary to seed the fuel as well, particularly for the measurements in the primary zone, in order to reduce the particles
biasing effect.

We did not do any detailed analysis with regard to the size of the particles, but we have looked at some of the particles
on the microscope, and they are about 1 pm (+ 10%).

W.A Alwang, US
Did you measure the time scale or frequency content of the temperature or velocity fluctuations?

Author’s Reply
The normal data acquisition rate was about 3 to 4 KHz; we deliberately lower the sampling rate down to 0.5 to 1 KHz,
in order to reduce the biasing effects.

We did not look at the time scales, both for velocity and temperature fluctuations.

We did some spectrum analysis of the temperature fluctuations, but not of the vclocity ones.

J.A.Nabity, US
Could you describe briefly the method used to compensate the fine wire thermocouple?

What is the maximum frequency response of the thermocouple?

Author’s Reply
Compensation was performed only on the basis of measured instantaneous temperature and the effects of mixture
fraction and velocity fluctuations were not considered. Preliminary measurements with non-premixed flames indicated
insignificant effects of mixture fraction on time constant and relatively high velocities, particularly at the secondary and
exit zones of the combustor, did not justify the consideration of velocity effects. The frequency response of the system
was around 2 KHz and frequencies up to 1.8 KHz represented 95% of the total energy.
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by
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ABSTRACT
“;/E:;er-noppler measurements of the velocity distribution around and in the wake of a two-dimensional
squared obstacle for Re=14000 are reported. The results were measured with a counter interfaged with a
microprocessor. The counter was built based on a specific design to quantify and dimindish errors
resulting from bias sources. In addition the periodic character of the flow in the wake was characterised
by measurements of turbulence spectra with FFT instrumentation. The values of the predominant frequencies
wvere correlated with the flow Reynolds number. )L
o>

1. INTRODUCTION

Laser-Doppler velocimetry with its non-perturbing nature is very often the only instrumental method
available for research of the local velocity characteristics {n flows with recirculating zones. Althought
it has been used for many years, questions still remain regarding the accuracy of LDV measurements. These
questions are mainly associated with the precision of the fndividual measurements and with the choice and
number of the population elements from which the statistical results are calculated. The non uniformity of
the denaity of particles in the flow, the presence of velocity gradients in the control volume or the
different sizes of particles are examples of bias sources. Several bias corrections have been proposed and
at the same time new inatruments were designed (e.g. counters) to {improve the accuracy of the
measurements, see e.g. Durdo et al (1982), Durst et al (1984) and Heitor et al (1984).

In this paper measurements of velocity and power spectra are reported using two counters that were
built based on a specific design to avoid errors usually associated with counting systems.

The concentration of the naturally-occuring scattering centers in water, which give rise to Doppler
signals, {8 such that the probability of finding more than one particle in the measuring volume of the
anemometer is negligiby small: hence the occurrence of Doppler signals 1is a discrete, rather than
continuous process. This fact 1limits the spectral analysis of the velocity characteristics, once fast
FPourier transforms wmethods cannot be directly used. Several wmethods have been proposed for spectral
estimation of LDV information (see, for example, Srikantaiah and Coleman, 1985; Loding, 1985; Saxena 1985)
and the procedure adopted here has consisted in frequency analysing the analogue output of a putrpose-built
counter described by Durlio et al (1982) in which the LDV velocity signal at each Doppler burst is sampled
and held .ntil another valid signal arrives.

The LDV equipwent was used to study the flow around a squared obstacle. Flow around two-dimensional
bluff bodies, particularily. circular cylinders and two-dimensional sharp-edged bodies, had received
psrticular interest for decades, as the article reviews of e.g. Mair (1971), Bearman and Craham (198G),
and Griffin (1985). The quasi-periodic nature of the fluctuations existing on the wake region, which occur
as the result of the alternate shedding of vortices from each side of the body, is a Reynolds number and
geometrical dependent phenomena. The flow conditione in which they occur are presented in many engineering
situations, for example bluff-body stabilized flames fn high-velocity reactant streams, vehicle
aerodynamice, {industrisl pipe flows and wind effects on buildings. Their study is relevant for many design
purposes, since their understanding is etill an open subject of research.

The purpose of the present study it is the use of LDV to obtain accurate measurements, in order to
bring new physfcal understanding of the flow.

Next section presents the flow configuration and the following section describes the measurement
technique including ‘the characteristics of the countar used and the accuracy to be expected; section &
discusses the experimental reaults and the paper ends with a susmary of the conclusions.

2, FLOW CONFIGURATION

The experiments were performed on an horizontal, 120x152 mm, water tunnel made of perspex with a
20x20 sm or 8x8 mm obstacle, H, set accroes the narrov dimension, W, and completely spanning the duct as
schematically shown 1in figure 1. The duct extended for 1.56 m upstream and for 0.464 m downstream of che
obstacle. The water flov was driven by the pressure difference between a constant head and a discharge
tank and was passed through straightners upstresm of the duct tnlet.

Kost of the results were obtained with the obstacle centered between the top and the bottom of the
duct, for a reference velocity of U,=0.68 w/e and & freestresm turbulence intensity of 6%. However, the
effects of the proximity of the well and of the Reynolds number on the vake-flow sre also presented.
Messurements obtained in the tumnel without the obstacle have shown that the flow was symmetric and thst
the wall boundary layer sround the region where the obstacle was located, was 15 mm thick.

The origin of the axial, X, and vertical, Y, coordinates in the Juct 1s taken at the centre of the
upstresm face of the obstacle.
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3. MEASRREMENT TECHNIQUE

Velocity was mwmeasured by a laser-Doppler velocimeter operated in the dual-beam, forward-scatter mode
with sensitivity to the flow direction provided by light-frequency shifting from acousto-optic modulation
(Bragg cells). The resulting frequency shift was normaly set at 700 KHz. The principal characteristics of
the laser-Doppler velocimeter, in particular those of the transmitting optics, are summarized in Table 1.

JABLE 1
PRINCIPAL CHARACTERISTICS OF THE LASER-DOPPLER VELOCIMETER

- 15 mW (nominal) He -Ne laser; wavelength: 632.8 nm
- focal length of focussing lens 300 mm
- beam diameter, at e 2 jntensity, of laser 1.1 m
- measured half-angle of beam intersection (in air) 4.81°

- calculated half-angle of beam intersection (in water) 3.61°

~ fringe separation (line pair spacing) ) 3.77 um

calculated dimensions of measuring voiume, at e

intensity, (major and minor axis of ellipsoid in water) 3.489; 0.220 mm

-1
velocimeter transfer constant 0.2650 MHz/(ms )

The light scattered by naturslly-occuring centres in the water was collected by a lens (focal length
of 200 mm) and focussed onto the pinhole aperture (0.3 mm) of a photomultiplier (OEI, type LD-0-810) with
& magnification of 1.55. The output of the photomultiplier was band-pass filtered and the resulting signal
processed by a laboratory-built frequency counter, Two counters were used and one of them have the
necessary information for the use of FFT {nstrumentation to obtain the turbulence spectra and energy on
predominant frequencies.

3.1 Characterization of the Counters

The counters used allowed the knowledge and control of measuring parameters such as the actual and
the wminfmum possible time intervals between two consecutive valid burst, which permit to satisfy the best
experimental conditions according to the analysis referred by Durlio, Velho and Whitelaw (1984) and Durlo,
Laker and Velho (1985), The frequency of Doppler signmals {s evaluated by the counter through gating a 250
MHz clock (100 MHz clock for the second counter used with the FFT instrumentation) over a preset number of
8 or 16 Doppler cycles (only 16 for the second counter), with only one measurement being performed for
every Doppler "burst". Each measurement is subject to preset validations in the amplitude and time domains
and, if wvalid, {s digitised as s floating point number and transferred to the microcomputer. The
amplitude-domasin validation is based on tvo trigger levele end the counting circuity is activated only if
both of them have been crossed in the correct sequence: the beginning of a Doppler burst {s detected by
the firsc correctly sequenced crossing of the higher threshold; the end of a Doppler burst is deemed to
have occurred at the first absence of higher threshold crossing. The time-domsin validation procedure
accepts or rejects the weasurement depending on wether the difference between the frequencies of the first
5 and 8 (or 10 and 16) cycles of the burst is within & pre-selected tolerance, up to 0.19%. The sampling
frequency fie limited to around 25 KHz due to the time taken for data validetion and dats transfer, but
lower values were used to reduce velocity-bias effects on the data processing. Figure 2 shows the timing
sequencies of the counter and further informatfon can be found in Heitor et al (1984).

3.2 Accuracy of the Measurements

Errors {incurred i{n the measurement of velocity by displacement and distortion of the measuring volume
due to refraction on the duct walls and the change in refractive index were found to be negligibly smal.
and within the accuracy of the measuring equipment. The tolerance on the output of the counter derives
from the error in the clock count and from the resoluticn of the floating point format of the data: the
saxisum error {# alvays less than 1%. Non-turbulent Doppler broadening errors due to gradients of mean
velocity acroes the measuring volume (e.g., Duret et al, 1981), may affect eseentislly the variance of the
velocity fluctuations, but for the present experimental conditions sre of the order of 3x10-3 Ué and,
therefore, sufficiently small for their effect to be neglected. Other sources of errors, such as those due
to finite sasmple size and velocity bias effects are considered in the following paragraph. It fs noted
that the positioning of the messuring volume inside the duct was precise to within 0.5 mm.

In the experiments the number of individual velocity values used to form the averages was alvays
above 7000 and reached 60000 in the near-vake region, where the highest flow oscillations were found. As a
result the largest statistical (random) errors were of 0.5 and 3%, raspectively for the mean and varisnce
values, according to the analysis referred by Yanta and Smith (1978) for a 95% confidence interval. No
corrections were made for sampling biss, and the systematic errors that could have arised were minimised
by using high eseed rates in relation to the fundamental velocity fluctuation rate, as suggested for
exsmple by Dimotakis (1978), Erdmann and Tropes (1981) and Erdmann et al (1984) for doth random and
periodic flows. In addition, no correlations were found between Doppler frequencies and time interval
between consecutive bursts, suggesting that such biss effects are unimportant for the present “low
conditions (see Durllo, Laker and Velho, 1983). It is also noted that the zone of the flow characterized by
the highest amplitude of the flow oscillations (which are essentially non-turbulent and occur for the
vertical velocity » as di d below) is also that where the mean velocity is close to zero and
the probability density dJdistributions 1s near bjwodal, such that the bias of the negative velocities




offset that of the positive velocities, as shown by Erdmann et al (1984).

The counter used to mweasure power spectra with FFT instrumentation 1s described in detail by Dur¥o et
al (1982) and although with slightly lower accuracy of the absolute measurements (due to the use of a
slower clock of 100 MHz and measuring only over 16 Doppler cycles), it allows to obtain the power spectrum
of the LDV velocity signal by sampling and holding the velocity at each new Doppler burst until another
valid signal arrives. The condition under which the output of the counter yields a satisfactory spectral
analysis has been discussed by, for example, Dimotakis (1978), Edwards and Jensen (1983) and Adrian and
Yao (1985) and was satisfied in the present experiments. A high mean sampling frequency up to 2 Kiz was
used, suggesting that structures of the order of 0.35 mm and above can be resclved. This is about two
orders of wmagnitude smaller than the smallest length scale in the duct, which implies that the energy
containing motions are resolved by the counter. In addition, the power spectral density can be
reconstructed up to about 1 KHz.

4, EXPERIMENTAL RESULTS AND DISCUSSION

The results presented in figures 4 to 9 were extracted from a detailed set of measurements to
characterize the flow around the two-dimensional obstacle described previously. The measurements {include
mean and variance values of axial, U, and normsl, V, components of velocity and spectral analysis of the
velocity fluctuations.

Prior to the detailed measurements, visualization of air bubbles, as shown in figure 3, was used to
guide the choice of megsurement locations and to observe the mechanism of vortex shedding, which was
confirmed to exist by the subsequent spectral analysis presented in sub-section 4.2.

4.1 Flow Pattern

The distribution of the time-averaged axial velocity component, U (paralell to the channel walls),
along the centerline of the channel 1{s shown 1n figure 4. The measured time-averaged length of the
recirculation region behind the obstacle and the maximum negative velocity were respectively 1,825 H and
20% of the reference velocity U,=0.68 m/s. The figure also shows that at X/H=-2 the mean flow was
basically undisturbed; on the contrary at X/H=5 the value of U/U, was 0.75.

Figure 5 shows values of mean and variance of U and V obtained at X/H=-1.0, 1.5 and 3.0 respectively
upstream the obstacle, in the recirculation zone and in the near-wake. Figure 5(a) presents the profiles
of the mean axial velocity which clearly show that the flow is symmetric. The profile at X/H=-1.,0
indicates a large influence of the obstacle having {ts maximum velocity sway from the centreline; at
X/H=1.5 the maximum axial velocity ia 1.465 U, and occurs at Y/H=%1.325; far downstream, at X/H=3, the
profile {s characteristic of a developing wake region. The location of U-maximum is consistent with the
V-profiles shown in figure 5(b). It can be seen that in agreement with the flow visualization of figure 3,
upstream of the obstacle the flow moves away from the centreline while downstream, in the wake, the
opposed movement occurs.

The distribution of the variance of the axial velocity fluctuations upstream of the obstacle has a
ainisum value on the centreline but the local turbulence intensities remains near constant and between 6.5
and B.0%. Figure 5(d) shows the vartances of the normal velocity fluctuations and indicates that upstream
of the obstacle the turbuleat flow {e near isotropic. At X/H=1.5 the IF’/ué profile shows two symmetric
peaks located around the separation streamline and the ;Tilug profile, shown in figure 5(d), presents a
peak on the centreline, which could be respectively associated with the maximum gradients of the axial and
radial wmean velocity. These profiles are qualitatively similar to those reported in non-periodic turbulent
wake flows, e.g., in the near-wake of the axisymmetr 1uff bodies of Taylor and Whitelaw (1984), but the
magnitude of the peaks is comparatively higher ( 677/00-0.654 at Y/H= +0.55 and /v'?/UZ=0.647 at Y/H=0
compared with 0.35 and 0.42 respectively, for the 25% area blockage disc of Taylor and Whitelaw, 1984). On
the other hand, these maximum values and the high degree of turbulence anisotropy found in the near wake
are similar to those reported by Bradbury (1976) in the wake of a 102 area blockage flat plste and
explained as the result of vortex shedding. The present flow is also periodic, as further analysed in the
next sub-section, such that the values of figures 5(c) and (d) are result of the time averaging messuring
process in which the turbulent and the periodic, non-turbulent, contributions to the total variance are
not decomposed.

Downstream of the obstacle, at X/H=3.0, the u 7 and the v'7 profiles are qualjtatively siamilar to
those at X/H=1.5 but with comparatively lower values, suggesting the attenuation of the magnitude of the
local periodic oscillations with the development of the wske flow.

4.2 Spectrum of Velocity Fluctuations

Spectral analysis of Doppler signals wae conducted to characterize the oscillating nature of the
present flow as a function of the Reynolds number, the dimension of the obstacle and of {ts distance to
the wall of the channel.

Pigure 6 shows the characteristic digital and snalogue time-resolved output of the two counters used
for the normal velocity fluctuations in the centreline of the wake of the squared obstacle, for Re=14000.
The signal follows a feirly sinusoidal wave with & corresponding bimodal probability density function,
figure 6(c), and a single spectral peak at the predominant frequency of 4.7 Hz, as shown in figure 7(a).

The dependence of the power spectrum on the Reynolds number for values less than 14000 can be
identified 1in figuree 7(a) to (f), which indicate a linear variation of the spectral pesk with Re. Theae
results refer to the normal component of velocity but & similar behaviour was observed for the sxial
velocity, although with lower {ntensity peaks in the power spectrum,
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Figure 8 summarizes the variation of the Strouhal number (S=f.H/U ) with the Reynolds number obtained
in the water channel. The figure also shows a good agreement with measurements obtained by Okajima (19Y82)
for different squared obstacles using hot film or hot-wire anemometry. The Strouhal onumber is
approximately constsnt and close to 0.133 for all the heights (H) of the obstacles investigated in the
range 10° <Re <2x10". .

Measurements of the vortex shedding frequencies obtained with the 20x20 mm obstacle located at five
dtfferent distances from the wall are shown in figure 9 for 10° $Re €1.7x10". The predominant shedding
frequencies do not vary with the proximity of the wall up to Y/H=0.375, but have not been found for
smaller values of Y/H. Experiments are being carried out to map 1in detail the time-averaged flow
properties of the near-wake region of the obstacle placed at Y/H=0.25 and 0.375 in order to explain the
absence of flov orcillations.

5. CONCLUSIONS

LDV measurements have provided information of the velocity characteristics of the flow a:-wnd squared
obstacles in the range 10> <Re € 1.7x10*. The following 1s a summary of the wmore importeni f..dings and
conclusion of this work.

® The velocity information was quantified using two purpose built counters in which the Doppler signals
were subject to validation in the amplitude and time domains. Information of the time interval between
valid bursts has also been provided and has sllowed to conclude that errors in the velocity measurement
due to bias effects are significantly small for their effect to be neglected, because of the high seed
rates used. Spectral analysis has been sucessfully conducted by sampling and holding the velocity
signal at each new Doppler burst until another valid signal arrives.

® The measurements have shown that the flow field includes regions of near-uniform, recirculating and
accelerating velocity, which are qualitatively similar to those reported in non-periodic turbulent wake
flows., Nevertheless the shear layer surrounding the recirculation bubble, for Re=14000, is a region of
intense velocity fluctuations with unusually high values of the velocity variances, explained as the
result of vortex shedding.

® The vortex shedding frequency vary linearly with the Reynolds number, with a value of 4.7 Hz at
Re=14000. These frequencies are independent of the vertical position of the obstacle in the water
chsunel ur to Y/H=0.375, but the oscillation are tottaly supressed for smaller values of Y/K. The
Strouhal number {s approximately constant and equal to 0.133 for obstacle heights between 8 and 20 mm
in the range 10%Re < 2x10°.
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Fig. 3 ~ Flow visualization of air bubbles.
Reference velocity: U, =(0.68 m/s; Re = 14000

Exposure time of the photo: 67 ms
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a) mean axial velocity, IJ/UO

b) mean normai velocity, 6/1,’0

c) variance of axial velocity,
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of the wake flow for different Veynclds numbers.
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ROUND TABLE DISCUSSION
SESSION 11

M.Carison Williams, US
A benchmark of instrument performance is being utilized at Pratt & Whitney for comparison of laser velocimetry
instruments before and after incorporating optical revisions as well as for comparisons of our LDV with commercially
available instruments. Perhaps others will find the method useful in establishing benchmarks in their laboratories. The
technique does not require concurrent testing of instruments and comparisons can be performed between instruments
operating at different test sites, if necessary.

In our tests, the technique utilized the ambient aerosol as seed in the flow discharging from a small electricity driven fan
and an aerosol analyzer capable of characterizing the ambient aerosol size distribution. The range covered by the
aerosol sizing instrument must span the range of particle sizes capable of being detected by the velocimeters. In our
studies, the TSI 3030 Electrical Aerosol Analyzer with a range of 0.003 to 1.0 microns was employed. Using this
method, a laser doppler velocimeter designed at Pratt & Whitney Aircraft was compared with comercially available
Laser-Two-Focus and Laser Transit Anemometers.

The benchmark is obtained by measuring the velocity of the flow from a small fan or jet', noting the validated data rate,
and measuring the turbulence intensity level. The ambient aerosol size distribution should be continuously sampled
during testing.

(1) Using the particle sizing data, produce a log-log plot of cumulative number of particles/cm* >a specified diameter
versus particle diameter. See Figure 1.

(2) Either calculate or experimentally determine the swept area of the probe volume thru which particles of sufficient
diameter could be expected to produce a valid signal. Typically 1/e* points are used to define probe volume
dimensions.

(3) Using the swept area and flow velocity, calculate the volume per unit time (cm*/sec) being sampled by the laser
velocimeter.

(4a) For fringe systemns, calculate the number of particles/cm? being detected by dividing the measured data rate by the
volume swept per unit time. From the aerosol distribution curve generated during the test, read on the abscissa the
minimum particle diameter which corresponds to the detector particle concentration.

(4b) Two spot systems are handled similarly except that the probability of a two spot transit is inversely related to the
turbulence level. To obtain a realistic result, the data rate must be adjusted upward by a suitable factor to
compensate for this effect as the probability of two spot transits occurring is considerably less than unity in most
flows?.

Figure | includes calculations for two data points from an LDV/LTA comparison. Note the wide discrepancies in the
data rates that were observed during testing. Although the two spot system is sensitive to somewhat smaller particles,
the factor of 20 increase in data acquisition time eliminates any incentive to use the two spot system unless extreme flow
accelerations preclude the use of the somewhat larger particles which the LDV detects. A second factor which also
favors the use of LDV for our gas turbine studies is the ability to readily provide detailed mappings of the entire rotor
(typically data is stored as a function of approximately 1000 angular position of the rotor) thereby permitting detailed
examination of all blade gaps individually. Conversely two spot systems are generally limited to storing data at 16
angular positions which forces one to examine a composite of all blade gaps or to repeat the measurement for each gap
of interest if individual passages are being examined.

The benchmark technique previously described has been used to evaluate instrument performance characteristics for
several instruments in a variety of test configurations. Figure 2 is an example of one such test in which the minimum
particle size sensitivity of three instruments were determined as a function of laser power in the instruments’ probe
volumes. It should be noted that the particle size distributions obtained by P & W's aerosol analyzer is based on
electrical mobility of the particles while the instruments under test are sensing the ability of the particles to backscatter
incident laser light. As the two characteristics may not be lincarly related for all aerosols, some scatter and imprecision
in results may occur depending on the nature of the constituents of the ambient aerosol. The three curves of Figure 2
represent two different test sites, East Hartford, CT and West Palm Beach, FL, and three different test dates, yet the
results clearly delineate the trend in the data and the relative performance of the instruments.

1 We often employ a converging nozzle supplied by two vacuum cleaner blowers cc d in tandem. This arrang, provides
velocities up to 700 ft/sec at the nozzle discharge.

2 Figure 9 of Dr Schodl's paper Laser-Two-Focus Velocimetry (found elsewhere in this volume) displays the probability of a two spot
transit as a function of turbulence for several two spot instrument geometries.
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R.ElMer, UK
What were the different focal lengths and F #'s for the various instruments compared?
)
' M.C.Williams, US
The LDV had the advantage here, using a 191 mm focal length, 80 mm diameter lens. Accounting for internal
blockages produces an effective F #0of 3.8. The LTA system originally employed in the comparative study contained a
400 mm focal length, 100 mm diameter lens. Our measurements indicated an effective F #of 7.4 (this was the lowest F #
lens available for the instrument at the time of the first test). This data is shown in Figure 1. The manufacturer has since
made some internal changes which have improved the effective F # [ am not aware of the current F #, but the
performance of the upgraded system has been evaluated and is shown in Figure 2. The L-2-F/LDV comparison study
was performed in conjunction with the instrument’s manufacturer, so 1 assume that the lowest F # lens normally utilized
was supplied. The lens has a 500 mm focal length and a diameter of 104 mm. I do not know the effective F #.
R.EMer, UK

Would you like to comment on how these differences might influence such a comparison?
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M.C.Willisms, US
Yes, our LDV is equipped with four interchangable 80 mm diameter collection lenses of 127, 191, 318, and 345 mm
focal length. Consequently, the longer focal length lenses have higher F #°s and to maximize performance we select the
shortest foca! length lens consistent with our needs. The LDV lens sclected for the comparison was not the lowest F #
lens available, but rather the lens most frequently used in our studies. | believe that there are areas other than F #which
also contribute 1o a sensitive measuring system. For example, we introduce a fairly large central stop i our collection
lens which cuts collection efficiency nearly 50%. The positive benefits of doing this include restricting the effective
probe volume length and preventing much of the stray reflections from neighbouring surface- from impinging on the
photomultipliers. This design may, in part, explain why despite having a less sensitive collection system, the L-2-F Laser
had to be turned off during the passage of blades in an intrablade turbocharger comparison test to prevent momentarily
blinding the instrument’s PMTs. The LDV operating at the same intrablade location required no gating.

W.G.Alwang, US
For those testing large scale turbomachinery, it scems necessary to have both L2F and laser Doppler (fringe) systems.
The fringe systems have much higher data rates and therefore iest costs are greatly reduced, if they are used whenever
appropriate. Then you may also need a transit anemometer for working near walls or if very small (less than 0.5 um)
particles sizes are needed.

M.L.G.Oldfield, UK
Short duration wind tunnels may run for only 0.3 seconds. How will it be possibie 1o obtain mean velocity. turbulence
level and turbulence spectrum to 50 KHz in less than 1 second at one position per run?

A.Boutier, FR
During such very short runs, it is very difficult to use classical fringe or 2 focus laser velocimeters. One way may consist
to use transient recorders to digitize all photomultipliers signals and process them quietly after the run. Another way is
to use the spectrometer laser velocimeter developed at ISL (St Louis, France) by Dr Smeets and using the same
principle as the Fabry-Pérot LV of Dr Sessholtz (NASA Lewis): but in this spectrometer velocimeter the Doppler
shifted light is very quickly analyzed by a Michelson interferometer. This technique proved its feasibility to charactenze
the rapid flow variations issuing from a shock tube, but with a high seeding of tobacco smoke. This apparatus would
provide mean velocity as well as velocity fluctuations,

The turbulence spectrum analysis of the velocity fluctuations is not widely spread in laser veloaimetry. In fact, with
current data acquisition rate of 10 KHz, when applying the Shanon criterion one cannot expect higher frequencices than
5 KHz2. But a way 10 overcome this limitation is to calculate the autocorrelation function of the signal V(t) and then its
Fourier transform: nevertheless this procedure necessitates long time data recordings. Many papers begin to be
published on this subject, essentially at the ASME mecting held in Miami (17—-22/11 '85). Anyway. in the type of flow
you mentioned, to obtain the velocity fluctuations spectrum seems presently very difficult.

T.Wychers, NE
As Dr Melling explained, solid particles are. at least, less sufficient for LDA mcasurements. However, solid particles are
naturally present in certain flows, such as sooting flames. Is it possible (avoiding seeding equipment) to use soot
particles for LDA measurements in such flames, cventually by cancelling out the strong signals from big particles?

AMelling, UK
To my knowledge, successful LDA measurements in flames have to date always required seeding scatiering particles. |
see no reason why soot particles should not be used as scatterers, although the signal sirength for a given particle size is
likely to be reduced relative to seeded refractory particles, because of the absorptivity of carbon. Whether the soot
particles would follow the gas flow is, of course, a matter which can be decided only with knowledge of the particle size
distribution. Soot agglomerates are likely to have a higher drag coefficient and lower effective density than carbon
spheres, so particles of “equivalent™ diameter exceeding the commonly quoted | wm guideline may be acceptable as
tracers at the prevailing conditions of gas density and viscosity.

Electronic amplitude discrimination is a feasible technique 1o suppress the signal from particles which are significantly
larger than the rest, by lowering the discrimination level until the measured velocity becomes independent of the
threshold. Its application to continuous size distributions is less satisfactory: the technique will not distinguish between
small particles crossing near the central high intensity region of the LDA measuring volume and large particles crossing
near the edge of the volume. The end result may be only a sharp reduction in the data rate.

AStrazissr, US
Is it possible to construct a system which adapts from 2-spots to 2 dashes? What is optimum geometry of 2 dashes
system?

A.Boutier, FR
The two dashes LV we built at ONERA was in fact very flexible; when considering fig. 11 of paper 9 (A Boutier) when
the inclined plates are removed and the rectangular apertures in front of the photomultipliers replaced by circular
holes, the 2 dashes LV has become a 2-spots LV, with 2 spots of different colours, Therefore in commercial 2 spots LV,
there are two simple modifications to operate: to include inclined plates in the emitting part (in order to create
astigmatism on spots, the inclined piates rotation inducing dashes orientation) and to change circular holes in front of
detectors in order to install rotating rectangular aperture (matched to the dashes size image).
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The optimum geometry for a 2 dashes system has to be checked; in the ONERA system of fig.11, when varying the
thickness of inclined plates, the height of the dashes varies; when changing the angle between the two stuck prisms, the
distance between the two dashes is adjustable; notice that rotation of the dispersing prism induces rotation of the line
joining the 2 dashes centre, which enables one to optimize the measurement probability be:ause this line may be this
way aligned along the main flow direction.

D.A.Greeahalgh, UK
Does the two bars system perform as well as the two spots system near walls? In particular, § would expect the two bars
system to have a lower beam divergence for one plane and this will reduce signal to flare ratios.

ABoutier, FR
As [ showed in my paper no.9, and in more details in reference 6 of this paper, the two dashes LV is a compromise
between 2 spots and fringe LV; it is practically able to perform measurements up to 0.7 mm from a wall. Certainly the
SNR is not as good on the wall with a 2 dashes LV as compared to a 2 spots LV; figure 12 of paper 5 shows the
phenomenon very well. But we can consider that it is still a good compromise and may have further developments, as it
is done at NASA Lewis by M.P.Wemet.

R.Seashoitz, US
This is a comment on discussion of ability of elliptical spot anemometer to match circular spot anemometer in
measuring close to walls.

The ability of an elliptical spot time-of-flight anemometer 1o measure close 1o walls can approach that of a circular spot
system if the proper aperture stop is used. Roughly speaking, the aperture stop should be designed to block light along
the major axis of the clliptical spots and pass light along their minor axes.

P.Ramette, FR
Can we expect limitations of laser velocimetry at very high temperatures, over 2000 K, due to the seeding in panticular?
1 am thinking about measurements inside or at the exhaust of rockets for example.

A.Boutier, FR
The limitation for using any laser velocimeter (working on light scattered by aerosols present in the flow) comes from
the fact that at temperatures higher than about 3000 K all refractory powders burn. The most refractory and fine
powder is Zr0, which resists until 2700 K. Beyond this temperature other materiais, which are heavy and with an
unknown size distribution, may resist but without oxygen in the fluid flow (which must be either argon or nitrogen). We
looked at these problems for plasma jets investigation at 5000 K, but we did not succeed.

So the present limitation in temperature to use laser velocimetry is given by Zs0, and is 2700 K.
In high tcmp es flow, depending on the turbulence level and the flow thickness, the importance of wandering laser
beams due to variations of the refraction index must be studied.

P.J.Bryaaston-Cross, UK
Does anybody have knowledge of the usc of laser diodes in laser velocimetry?

A.Boutier, FR
J.Meyers at NASA Langley constructed a laser anemometer 6 or 7 years ago using a laser diode. The system was about
the size of a match box and was embedded inside a wind-tunnel model to study a shock-wave boundary layer
interaction. However, we are not aware of any continuing effort in this area.
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TECHNICAL EVALUATION REPORT
SESSION IIl - PYROMETRY

by

J.Swithenbank
Department of Chemical Engineering
University of Sheffield
Sheffield, $10 2TN, UK

Fibre optics have moved from the situation where they were a solution looking for a problem to being an important new
diagnostic technique for propulsion applications. The particular feature in common between the papers preseated this
morning was the use of fibre optics.

The papers that we have just heard have analysed very thoroughly the state of the art presented by experts in the
technology, and the audience has contributed some very important points to the discussion. This really makes my task
particularly easy and there is little point in repeating what the authors have already said with more authority and skill that [
can put over. However, | think there are a few key points that have emerged quite clearly.

For example, if we consider the first paper by Dan Tichener which presented a novel and powerful diagnostic technique
for measuring temperature with very high accuracy and very high frequency response, I would like to remind you of some of
the potential of the applications. In particular, this technique when used to measure steady temperature could determine the
efficiency of combustion and could even be used to determine the efficiency of the compressor provided we can extend the
measurement temperature down low enough. Certainly the efficiency of the turbine system could be assessed and
conceivably it could be used for assessing the dissociation effects in combustors. Thus, in terms of steady state, I believe that
it has a very wide range of application.

If we now look at the high frequency capabilities of the system we realise that the fluctuating temperature emerging from
the combustor and the fluctuating temperature within the combustor are both very important parameters related to one of
the unresolved problems of the present time: that is the interaction between mixing and kinetics in combustion systems. The
maodelling of such systems is not yet at a completely satisfactory state and we urgently need experimental data. [ believe that
this instrument is one of the tools that we could use to address this problem.

Furthermore, we heard of the novel application of the fibre optic device for studying transients within pyrotechnic
systems. This leads me to wonder a little about the spatial resolution, since composite pyrotechnic propellants are not
uniform materials. There are inhomogencities consisting. for example, of discrete aluminium and ammonium perchlorate
crystals and [ suggest that we must look into the Jocal structures within these systems in addition 1o the one-dimensional
movement of heat and flame fronts.

The problems which arise in many of these instruments are duc to the very rapid change in output with temperature:
caused by the T* relationship. This means that at 2000 degrees, we get approximately | per cent change in output per degree
centrifuged. Clearly this gives us the source of our high accuracy but also gives us the source of difficulty in that we need a
very wide dynamic range of the amplifiers. All the speakers have addressed this problem of the dynamic range of the sensing
systems.

Now we look at one or two detailed problems in fibre optic temperature measuring probes, in particular, the problem of
relating the true stagnation temperaturc of the gas to the output from the probe. This involves the radiation correction, and
clearly much more work is necessary in this area. Progress may be either by radiation shield development or some other
technique such as the use of variable size probes. In this latter technique, correction for the effects of radiation may be made
by using the signals from two different sizes of probes for winch the radiation correction « ‘ould be different, and therefore
correctable.

A further factor which | believe should be addressed is the coating of the sapphire fibres. If dirt is accumulated on the
surface of the sapphire fibre. some signal can be lost, however, if the fibre of sapphire has a surface layer of lower refractive
index, then we can eliminate this particular loss. Clearly. development in this area is necessary if fibres are to be used in dirty
environments.

Another area needing attention is the stability of the material of the fibre tip coating. So far, experience indicates that
many of us have had problems in obtaining stability of the material of the tip coating and whilst it was indicated that solutions
are perhaps possible, we need them documenting and thoroughly testing, both in oxidising environments and in reducing
environments. For example, the standard Dills probe that any of us use already is recommended for use in inert atmosphere
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above about 1500°C. This is a severe restriction when we wish to use the probe for advanced gas turbines, where
temperatures are approaching stoichiometric flame temperatures.

We also need to address in more detail the problem of the cavity design. The cavity at the end of the fibre optic either
needs to be a black body (or a very close approximation) or to be sucn that we know exactly what its radiation characteristics
are. This leads us to the question of calibration. The discussion this morning emphasized the difficuity of calibration
especially at high frequency.

Thus we see a number of interesting questions emerging from the particular area of technology of the first paper.

Moving on to the other two papers; these are both concerned with the infra-red pyrometry of turbine biades. Clearly,
these two papers have a great deal in common but they also address two different areas to which I would like to draw your
attention. The paper by Dr Kirby discussed the problem of installing fibre optic diagnostics systems on production engines,
and to a lesser extent on research engines. The other paper, by Koschel et al, was concerned very specifically with a water-
cooled probe-design, which would be unsuitable for flight but ideal for test facility installation.

Lens purge design was emphasized by Dr Kirby and 1 would like to return to this subject later.

The advantages and limitations of the two colour pyrometry were discussed; however when we actually try exploiting
this attractive technique we discover its limitations. These limitations emanate not only from the properties of the source;
that is the turbine blade with all the reflections of unwanted signals, but extend through the design of the sensor, the pre-
amplifiers and the signal processing systems.

It has been particularly interesting to consider the use of pyrometry for control purposes and we have had some useful
contributions here from the control engineers. Clearly this is a developing area of pyrometry since, if we can control the
engines directly from blade temperature, it will give us a sensitive and precise way of optimizing the control. As we increase
the gas temperatures and hence the role of blade cooling, so the blade temperature as a direct control signal becomes more
and more attractive. The problems arising from control are quite different from those arising from diagnostics on test rigs. In
the latter case, we require the temperature distribution over the blades and hence want a high frequency signal. On the other
hand, for control we have two aspects to consider. Firstly, the air/fuel ratio control, and here the important factor is the drift.
The long term drift is due to either the electronics or possibly the window fogging. Long term fogging of the window can be a
problem on flight engines, much more so than on rig engines. On a rig engine, the provision of lens purge is relatively easy
because we can take a clean purge gas supply. On a flight engine the purge gas has to be taken from the compressor delivery
air and this inevitably contains a variety of contaminants. Qil is a common contaminant, and if guns are fired on military
aircraft, there is also the possibility of ingestion of material from the guns. So clearly we have to address the purge problem
quite differently in the case of flight engines. The other ‘control’ information that is required is the identification of faulty
blades. We have seen how the diagnostic systems can very easily resolve individual blades that are overheating and one could
envisage a monitoring system whereby an engine is taken out of service in preventive maintenance when difficulties are first
detected, rather than depend on periodic static inspection and replacement.

The electronic analysis of results during flight to pick out peak blade temperatures and to pick out mean blade
temperatures, whilst eliminating the effects of carbon particles, is clearly important and feasible.

I'now wish to refer briefly to the installation of fibre optic probes. The installation has led 1o a fair amount of discussion
and is clearly not an easy task. If optical pyrometers are to become an integral part of the engine system they must be
designed into the engine right from the beginning. It is not always easy to retrofit them if some provision was not made
originally.

There are a few areas that do give us cause for thought for the future:—

(a) Firsdy, one would like to know temperatures at more than one line at one radius around the turbine and multi-
installations are therefore required. Should this be done by scanning a single pyrometer or should it be done by multiple
installations?

(b) How many units are needed for reliability, since if this device is a major element of the control loop then reliability is
very important.

(c) [would also like to mention other diagnostic procedures that osie can use once the nyrometer is installed. For example,
a pyrometer can be used not only for engine control but also for diagnostics of light-up behaviour and conceivably even
for surgce control etc.

Clearly we have many potential applications of optical pyrometer systems and there is considerable scope for further
research and development of these devices.

1 will now discuss the problem of lens purge design by the computation of purge flow, based on our experience at
Sheffield University. Purge flow is particularly relevant to the flight engine rather than the ground based engine. The basis of
a purge system is essentially that one has to keep a clean flow over the surface of a lens. That is, one must try to avoid the
deposit of dirt which can come from the engine, particularly during a shut down period. The feature of a purge system is that
you must not blow small jets at the lens. If you do, they will entrain dirt which will be thrown at the window and will stick
there and give trouble. The correct approach is much more akin to the combustor film cooling design problem where you try
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1o put a film of clean gas over the surface. If we represent the purge flow situation (or the film cooling flow) in t2rms of the
length of the potential core of the film over the surface as a ratio to the height of the slot blowing the film over the surface,
and plot this ratio against the velocity ratio of the jet flow, (that is the ratio of the flow velocity through the slot to the external
flow velocity), then you find that at matching velocities there is a relatively long distance protected. At a high iet flow velocity
protection is achieved for a length corresponding to approximately 8 jet heights. At low purge flows, a length corresponding
to approximately 5 jet heights can be protected. This then is the crude basis of a purge flow design, but one has to analyse the
actual design in more detail. We have carried out some design computations using the FLUENT code. The first case consists
of a window located with a purge flow coming down a relatively large annular passage behind the lens, then accelerating the
flow through a narrow radial slot around the lens. The slot should protect to approximately 5 slot heignts in other words the
slot height needs to be about a tenth of the diameter of the lens. The results of the computations show that the jet flows in
radially and protects the lens fairly well. However, there is a large recirculation region in the centre of the lens and an annulas
recirculation zone downstream of the purge slot. The recirculation in the centre of the lens is of the order of one fifth of the
diameter. and there is the possibility that some material will be deposited in this region. If you have initially picked up fuel on
the lens surface then the jet coming across, (if its velocity is about 50 metres per second), will remove the particles from the
surface unless they are very tightly bonded or burnt on. This criterion corresponds to the saltation velocity, which varies
from about 20— 50 metres a sccond. However you cannot easily remove the material from the centre of the lens. Using the
capability of particle tracking which is built into the FLUENT code, particles may be introduced at different points to ensure
that they follow a path which leaves the lens fairly clear. Such particles may arise if there is oil contaminating the purge flow.
The capability of FLUENT to calculate the paths of the particles including the effects of wurbulence on the particle trajectories
is also useful. For example 5 micron particles introduced as a group spread somewhat, but still keep away from the lens.
When we go down to one micron particles there is significant turbulent diffusion of the particles. Some of them are carried
back into the central recirculation eddy.

Clearly, if we have a very short duct between the lens and the trbine flow then it is possible to get external flow into the
central recirculation region. If there are particles present of certain critical sizes they can be deposited on the lens.

In an xisymmetric design, the size of that recirculation eddy in the centre of the lens is due to the fact the flow is coming
radially inwards, hence a lot of flow is trying to get towards the centre of the lens - esulting in a large separation effect. In our
next stusly, we took a 2-dimensional purge flow rather than an annular situation, with purge gas velocity coming past the
surface of the lens of the same order as the turbine entry velodities. In this case there is an extremely small separation region
because of the 2-dimensionality of the flow, rather than the 3-dimensionality discussed above. Particle paths of one micron
introduced at different regions keep relatively clear of the lens. Ten micron particles do not follow the flow but hit the wall,
bounce off, and then are entrained into the purge flow. When we decreased the width of the slot we observed strong vortices
and higher velocity vectors which purged the lens rather better. However, one must not of course, reduce the stit too small
otherwise there will be entrainment of particles into the mixing layer which will actually get through to the surface of the lens.
Following particles of one micron through the narrow slit is interesting since their trajectories almost coalesce independent
of where the particles are introduced. Thus following the particle path throws quite a lot of light on what is happening in
these systems, especially if we include the effects of particle diffusion due to the turbulence in the gas.

These systematic studies illustrate the phenomena that are occurring in purge systems and clearly we need a great deal
more analysis before we can evolve a reliable design procedure for production type applications.

Finally, we conclude that we have a rapidly evolving area within the technology of the application of fibre optics to
pyrometry, which may be applied to propulsion systems.

The three papers presented in session [1 all used a fibre optic element in their construction together with a sensor and
electronic signal processing to translate the radiation measurement (o temperature.

The first paper described a temperature probe which used a coating on the end of the probe or a surface adjacent to the
end of the sapphire probe as a grey/black body cavity. The other two papers both used a lens located beyond the end of the
fibre optic rod. focused on i remote point on the turbine blade. to indicate blade wemperature. These two papers presented
pyrometer systems suitable for application to flight engines and research turbines, respectively.

In all cases the high frequency response and good potential accuracy of the devices were demonstrated. The value of the
pyrometers for diagnosing faulty blades was also notable.

During the presentation. and the discussion period. problems requiring further research and development were
identified due to:
(1) the lower temperature limit of the sytems
(2) the survival of the ‘black body’ film on the surface of the sapphire temperature probe

(3) the coating of the sapphire with low refractive index material to prevent the loss of radiation due to surface
contaminants

(4) the precise calibration of the temperature probe. particularly during rapid transients. Both the relationship between the
probe tip temperature and the required gas temperature must be clarificd

(5) the increase in signal noise which occurs at low temperature and with low spot size when using the remote pyrometers

(6) the sensitivity of the pyrometers to scattered radiation and changes in surface emissivity was indicated
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(7) the importance of making provision for installation of the pyrometers at the initial engine design stage was emphasized

(8) the problems and advantages associated with two colour pyrometry were both highlighted

(9) the problems associated with window purging for flight applications require further study since the available purge flow
may contain oil and other contaminants

As a result of this session, priority items for further R & D work are:— (a) temperature probe tip designs to achieve good
life and accuracy, and (b) design of lens purge systems for flight installations of the turbine blade pyrometer.

~
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Sapphire fiber Optic Temperature frobe *

e D. A. Tichenor, K. R, Hentken and R. W, Bickes, Jr.
. / Sandia National Laboratories

ABSTRACT
A sapphire fiber optic pyrometer,has been developed for use in combustion envirgnments. “w  arf'iyurat:
of the device are described. One is designed to measure raptd gas temperatu ~ fluctuations ar; the otner
e designed to measure the rapid temperature rise in a confined pyrotechric ,rror to 1gnitipn The aey
element in the device is a high temperature optical! fiber made of single-crystal alumina  sapprive w %r o
thin film of platinum deposited on one end. Temperature is derived from the intenssty of therma' raztac:
emitted by the platinum and collected by the fiber The device is capable of measuring raptd ga: temper:
ture fluctuations, in excess of T0kHz, in harsh environments where thermocouple 11fe 14 severely vmite:
by oxidation, corrosion, or erosion. A second confiquration 0f the Jevice “olilects tnfrared vadtatyoe
directly from a solid object and ooerates in the mid-infrared to detect lower temperatures “he cempera
ture of a confined pyrotechnic has been measured tn the range from 3170 & to 1! v 4t neat ng vates jreater
than 100 K per microsecond.

INTRODUC ™ 10N

The requirements for temperature mea,urements in tndustrial researih and development are cumerou. Ang w e
ly va"iid. To meet these needs new methods of temperature measuremen! uSInG fiberopt' s Nave peer teve
oped. ' * Some of the advantages offered by fiberoptis sensors are 1muni'ty o RF Agtse, "w *herma’
conductivity, fast response time and resistance ta harsh -herical enyironments Theqe D apat T lte. a0 e
extended in some a~nlications by using sapphire optica' fibers Sapphire ‘ibere are avarlaple o'y v
short lengtns sufficient for use as sensing elements byt not €or transmisstnn nyer long d'stan es Severa’
properttes of sapphire are useful fn temperature measuring appis ations  First, ~apph ve remaras trans-
parent in the optical and near infrared at elevated temperatures Second, at roon temperalure the sany
mission band extends to 4 micrans Finally, the melting pesnt of canphire 1< neogher than that ¢ nyer-
tional .ilica fibers and platinum-rhodiurm thermo oup'les

In this paper, two applications of sapphire €iberupti  ~ensars are desiribed Ine apiliatt o aee ger,
different, and the devices are configured accordingly The first devi.e was develupel and lemoer .*
R, R. Dils of the National Bureau of Standards now wtth Ac ufiber _ompany in vancouver, wa.t:
one of us {DAT) to measure rapid temperature flutuations in -ombystior gases The e L, tes PN
to measure the rapid heat-up of s confined pyrotechnic pricr to rgn*tron.

ater L

SLETTRT )

Temperature fluctuations in combustor exhaust gases are of prar’ical interes! berause Jownstirpar smponents
such as turbine blades, can suffer fatique of protective metal-nxide surface lavers and acelerated o' da-
tion and corroston due to the temperatyre fluctuatinns. Gas temperature f'actuations have bhepn meas,red

in combustion environments using fine-wire thermocouples witn & bandwidth of t amp. 3

A sapphire fiberoptic temperature probe was developed to in¢rease the bandwidth, the masrimum operating
temperature and the lifetime in harsh environments The key element in this device ‘s a hign temperature
optical fiber made of sapphire (see Figure 11,

which remains transparent and non-emitting in

the optical and near infrared at temperatures

up to its melting point, 2345 K. On one end SLATINUM

of the fiber a thin film of platinum or other T R ~ WATER COOLED

high temperature alloy serves as a thermal JACKET

radiator. The other end of the high tempera- r SAPPHIRE PLASTIC CLAD
ture fiber s connected to a photodetector ‘ ! SILICA FIBER
through a conventional fused silica fiber. In \

operation, thermal radiation from the metalic
thin film is collected by the high-temperature
fiber and transmitted through the conventfonal
optical fiber to a detector assembly. The
radiation is then transmitted through a band LENS
pass filter, and the intensity is measured - N
using a photodetector. The system is
calibrated to account for the emissivity of ~+———4 AMPLIFIER l [
the thin-film tip, the responsivity of the L] v
detector and the gain of the amplifier. PHOTO FILTER

PYROMETRY DIODE
The frequency of response of the fiberoptic SIGNAL
probe 1s inherently superior to that of
fine-wire thermocouples because the output
of the fiberoptic device depends only on the Figure 1. High-Temperature Fiberoptic Thermometer
surface temperature of the probe. The output
of a thermocouple depends on the internal
temperature of the wire. As a result, the transfer function that relates gas temperature to probe temperature
decreases at a rate of 3 db per octave at high frequency rather than the 6 db per octave characteristic of
thermocouples.

The high frequency performance of the fiberoptic optic probe was demonstrated using a laboratory combustor
which creates a thermodynami~ and aerodynamic environment similar to that produced by gas turbine main
burners. The fuel is injected through a pressure atomizing nozzle at the front of the combustor, which has
an exit nozzle 5 cm in diameter, Primary and secondary air is supplied independently to permit external
adjustront of the air flow within the combustor. By adjusting the flow of primary and secondary afr it is
possible to vary the power spectral density function of gas temperature within the combustor exhaust from
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profiles.

- prototype €iberoptt. pyrometer was constructed using a sapphire fiber 1,29 mm in diameter and 50 mm in
argth A thin f1im of platinum, about 2000 Angstroms in thickness, was sputtered on one end and along

*ne i13es af the fiper for a iistance of 1.5 mm. The other end of the sapphire fiber was optically coupled

cor onwentional plastrc-ctad-stiica fidberopt
caying 4 .ore Jiameter of 300 microns. The silica
fibher was protected from the combustion tempera-

*ures using 4 water ¢ooled jacket that exposed 10

3 0 .7 lengtn of the sapphire fiber to the

exnaust jases. Thermal radiation transmitted 10 4
*nraygh the silica fiter was collected by a lens

1t the receiving end, filtered at a center wave- 7
‘enqth of R00 ninometer< with a bandwidth of 10" A
") nanopmeters, and detccted using a silicon

,ratodiode . The photocurrent was amplified using 10

1 two-Stage solid stage amplifier naving a current
coovoTtage Gatn of 107 volts lamp.

“ne nrimar, and secondary air supplies to the
wbustar were adjusted to yield a relatively
‘lat spectrum with maximum hign frequency content.
“he pnower spectrum of the emitted radiation was
~eat,red uut to a frequency of 14 kHz and divided
v the sguared modulus of the system transfer
tanotion to cield the power spectrum of the gas
temperat, e, The resulting power spectrum
Frqure 20 is almost flat out to 1 kHz and
:ntaing significant components beyona that
frpquency.  The amplifier noise power spectrum
witr tne light to the photodiode blocked) is

POWER SPECTRAL DENSITY (K’/H.)

10°4  AMPLIFIER NOISE

SHOT NOISE

10° — e
10
FREQUENCY (Hz)

Vuo shown . A 14 1Hz the
ireater than the anmplifier
*» 3 significant xtension
ringe ‘overed by fine-wire

signal spectrum is
noise spectrum. This
beyond the frequency
thermocouples.

Figure 2.

HIGH-SPEED TEMPERATURE MEASUREMENTS IN A CONFINED PYROTECHNIC

A capphive fiberoptic temperature probe, significantly different from the device described above, has been
developed to measure the rapid temperature rise in a confined pyrotechnic prior to ignition. This data is
useful in developing a better understanding of the ignition process, which is known to depend on tempera-

ture, heating rate and the degree of compaction.>

The details of this dependence are not well understood.

In this application the device must measure temperatures well below that of combustion processes with 2

bandwidth much higher than that observed in the above
experiment. To achieve lower tempera-

ture capability, the system is operated at

in the mid-infrared. Higher bandwidth is

achieved by omitting the thin-film thermal

radiator and collecting thermal radiation

directly from the surface of the pyrotechnic.

The instrument is comprised of a 1 mm sapphire

aptical fiber, one end of which is pressed

against the pyrotechnic so that the charge is
completely confined (Figu~e 3). Thermal

radiation is collected directly from the

pyrotechnic and quided to a set of calcium

fluoride lenses. The lenses focus the

radiation onto a linquid-nitrogen-conled,

indium arsenide detector which has a peak
sensitivityat 3 micrans. Conventional

optical fibers becrme opaque ibove 2 microns,

making them unsuitabdble for tnis application,

however, sapphire fibers transmit wavelennth<

up to & microns.  Temperatuyres in the range

170 € to 1100 ¥ can be measured with y rise *iow Teg.
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a mre careful calibration should reduce this
discrepancy. In any case, the melting of 1000.
potassium perchlorate in this mixture camnot

be observed at 1ow heating rates where the

pyrotechnic fgnites below the melting point

of potassium perchlorate. 1n a subsequent 800.
experiment the endothermic process was
observed at heating rates on the order of
100 Kelvins per microsecond. At higher
heating rates the endothermic reaction is
not as well delineated as in Figure 4,
perhaps due to a slight tilt of the
deflagration wavefront relative to the
plane containing the end of the fiber.

(C)

600.

400.

A two-color version of the {nstrument is
being built so that accurate temperature
measurements can be made without precise
knowledge of the emissivity.

200.

TEMPERATURE

Q. " t -

S A - —
0. 100. 200. 300. 400.

Figure 4.
TIME (MICROSECONDS)

CONCLUSIONS
Dynamic temperature measurments in a laboratory combustor demonstrate the capability of measuring tempera-
ture fluctuations at frequencies up to 14 kHz using a sapphire fiber optic pyrometer. These measurements

extend ghe frequency range previously covered using fine-wire thermocouples by more than an order of
magnitude.

A sapphire fiber optic pyrometer operating in the mid-infrared can be used to measure the rapid heating

in a confined pyrotechnic. Heating rates as high as 100 X per microsecond can be observed with sufficient
response time to resolve endothermic reactions prior to fgnition.
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FIGURE_CAPTIONS
Figure 1. High-Temperature fiberoptic pyrometer

Figure 2. Power spectral density function of exhaust gas temperature for case 4, Figure & measured by
the ftberoptic probe to a frequency of 14 kHz.

Figure 3. Infrared fiberoptic pyrometer for measuring temperature of a confined pyrotechnic.

Figure 4. Temperature of pyrotechnic PA-29 during ignition as measured by a sapphire fiber optic
temperature probe,

*Work supported by the U.S. Department of Energy
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DISCUSSION

A.Ederhof, Switzerland
(1) What is the lowest temperature that can be detected with the high-temperature fibre optic thermometer and how
does it influence the maximum achievable frequency?

(2) What is the influence of contaminants such as soot on the behaviour (frequency response) of the high-temperature
thermometer?

Author’s Reply
(1) The practical lower temperature for this device is 5500 degrees C. To operate at a given signal-to-noise ratio the
integration time must be increased as the temperature (and therefore the signal level) decreases. As a result the
maximum achievable frequency will decrease at lower temperatures.

(2) Contaminants deposited on the probe will have no effect on the frequency response as long as the thickness of the
deposited layer is thin compared to the thermal wavelength corresponding to the highest frequency of interest.

T.Wychers, NE
You stated that the temperature measurement is not affected by radiation loss, due to the high gas velocities. Can you
give an estimated gas speed, where the drop of temperature measured (due to radiation loss) is 10 degrees? At low
speeds the drop can be several hundreds of K (as you and 1 measured).

Author’s Reply
At low gas velocities the radiation correction for the fibre optic probe is similar to that for thermocouples. The
temperature correction, which may be several hundred Kelvin, depends on several parameters, including gas velocity,
probe diameter and emissivity. The error in the correction is typically dominated by uncertainty in the probe emissivity.

W.G.Alwang, US
(1) Have you attempted to confirm experimentally the transfer function derived theoretically? In particular, the point
where transition from 6dB per octave to 3dB per octave occurred? (In my opinion, experimental confirmation is
needed).

(2) Have you had any problems with survival of the film?

Author’s Reply
(1) We have not attempted to verify the transfer function experimentaily. 1 agree that experimental verification is
needed.

(2) We did have some problem with adhesion of the platinum film to the sapphire. The platinum appeared to adhere
better to the end of the fibre, which had been polished with an abrasive, than to the side, which was formed in the
edge-defined-growth process.

M.L.G.Oldfield, UK
(1) Would it be possible to use the step rise in temperature from a shock tube to calibrate the probe?

(2) Isnot the main problem of high frequency calibration that of knowing the heat transfer coefficient between the
flow and the probe tip, as, at high frequencies, the probe effectively measures heat transfer rates?

(3) Would a coating with zero emissivity on the outside and an emissivity of one on the film-sapphire interface
remove the necessity of radiation correction?

Author’s Reply
(1) The impulse response of the probe could be measured using a shock tube if the gas velocity and gas temperature
are accurately known. .

(2) [lagree that the gas temperature measurements are limited mainly by the uncertainty in the heat transfer
coefficient.

(3) A low emissivity (high reflectivity) coating would reduce the radiation correction for both the fibre optic probe
and thermocouples. However, it is difficult to maintain such a surface in a high temperature environment. In any
case some thermal radiation must be emitted to provide the pyrometry signal.

M.Misrshi, FR.
In order to know the heat transfer to the back of our rockets, we do tests at a reduced scale. During these tests we
measure the convective flux and also the temperature of gas at the back. Presently, the measurement of temperature has
been done by thermocouple but we do not get a good measurement because during the short time of the propulsion
(<0.5s) the response of the thermocouple is not very quick. With a range of temperature of gas of 1000 K to 2000 K
and this short time of the test, do you think your thermometer is suitable?
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Author’s Reply
The task of measuring gas temperature in a transient event with the fibre optic probe is more difficult than that of
measuring the power spectral density of a random process as demonstrated in this paper. In a transient even we must
know the correction for both the amplitude and phase of the transfer function, while the power spectral density function
depends only on the squared modulus of the transfer function.

1 understand that Accufiber Company, Vancouver, Washington is in the process of applying a fibre optic probe to the

measurement of gas temperature in a reciprocating engine. Your requirements (0.5 s) would be less domanding in terms
of frequency correction than in the engine application.

D.A.Greenhalgh, UK

Would it be possible to check your high frequency response experimentally in a clean tailored, turbulent flame by
comparison with Rayleigh scattering?

Author’s Reply
Yes, it should be possible to measure the transfer function of the fibre optic probe by simultaneously measuring the
temperature in a turbulent flow using Rayleigh scattering and comparing it to the probe response. If the measurement

volume for the Rayleigh system is located a small, known distance upstream of the probe tip, both the amplitude and
phase of the transfer function can be measured.




")

AD-P005 538

17-1

SOME CONSIDERATIONS RELATING TO AERO ENGINE PYROMETRY

P. J. Kirby
- Vice President
- . Land Turbine Sensors Inc.
—_— P.0. Box 1623
Fox Drive/Main Street

Tullytown, PA 19007, USA

SUMMARY

With turbine blade optical pyrometry rapidly becoming accepted by the aerospace community as a viable flight
control technique, some of the traditional and emerging demands are described, with examples of how they are
being addressed.

Many of these demands are now being met by skilful application of materials technology, electronic
engineering, signal processing and fluid flow techniques, but it is probable that flight conditions will
impose a more pragmatic approach than customarily adopted towards test bed installations,

NOMENCLATURE
A wavelength
A, B, C constants
Cq detector shunt capacitance
C2 second radiation constant
D lens stop diameter
d target apot dfameter
£ emissivity
f frequency
F(a,T,Ta) pyrometer signal, blackbody source
G amplifier gain-bandwidth product
I photocurrent
J(X,T) spectral intensity of emitted radiation, Wien approximation
k calibration scaling constant
L pyrometer focus distance
N noise equivalent temperature (Kelvin)
R feedback resistance
8 velocity of target spot on rotor
(1) detector spectral response
T temperature (Kelvin)
u view factor
Va noise voltage
v(T) pyrometer output radiance voltage
w viewable blade width
subscript a ambient
b blade
m maximum photocurrent response
r ratio
8 system
t target
1 short waveband channel
2 long waveband channel
INTRODUCTION

since its introduction in the mid-1960' s, optical pyrometry has gained widespread acceptance as an invaluable
technique for turbine blade temperature measurement in engine research and development programs. Houever,
since the Turbo-Union RB199 turbofan was first instrumented with flight pyrometers in the early 1970's,
acceptance of the technique in flight has been slow, the only other known example being the General Electric
F110 turbofan. o . e b

The purpose of this paper is to highlight »eome of the more important aspects of turbine pyrometry in relation
to its acceptability for flight usage. Difficulties still remain, however there are clear signs fiot onity —-
that flight pyrometry will very probably be employed in the next generation of high performance combat air-

. graft engines, but also that successful deployment of the technique may well be a prerequisite to effective

management of the high op;rattng temperatures planned for such engines.
edroarssed e PN
mrncwcmmn Peo\K blode Froypevaiure r'\mw*‘win* P\a&m‘—/sn mluurmef)
w4 Veasna ot G—
There are obvtou:‘ioglttlca? needs for pyroneteru to be intarchnAgeable, partlculnrly in military applications.
Optical and mechanical features present no severe problems in this regard, but pyrometer output signal
characteristics can vary markedly from one instrument to another.

The silicon photodiode is widely accepted as the optimum detector for turbine blade pyrometry, and produces
a photocurrent which is & function of both target temperature and ambient temperature. The ranges pertinent
to aero applications are approximately 870-1450 K and 220-400 K.

— —
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The characteristic I = F(T,Ta), from which temperature is inferred, is extremely stable and reproducible for
a single detector, but differs between detectors. One standardization approach is to adopt an average
charscteristic, based upon a large sample, and control detector reproducibility. This requires rigid speci-
fication of the starting silicon crystal and its subsequent processing. The approach is limited in
effectiveness by the need for reasonable device yleld, with a realistic reproducibility corresponding to
measurement error of 5-10 K of target temperature. The attendant problems of device supply reliability and
cost are severe.

An alternative approach obviating the need for detector reproducibility may be formulated as follows.
Spectral sensitivity typical of a silicon detector at room temperature is shown in Fig.l. Blackbody radi-
ation illumination produces a photocurrent according to the product S(A)J(A,T), that is

dI = S(A)A~%exp(-C2/AT)dA (n
The result is a spectrally sharp spike, with peak photocurrent occurring at approximately 1 um for the

entire target temperature range of interest. This suggests approximating to hromatic resp at
approximately 1 um, thus

1= Am"exp(-cz/xmr) )

Fig.2 shows typical deviation between the approximation and numerical integration of the product S(A)J(A,T).
Over the range 870-1450 K, the maximum error is less than 3 K.

The ambient temperature dependence may be incorporated as follows. The intrinsic energy gap for silicon can
be approximated with very little error by a linear dependence (Ref.l), therefore 1/Ap would be expected to
show a similar dependence. In addition, the variation of I with ambient temperature is invested pre-
dominantly in the exponential term of Eq.(2), suggesting a further approximation

1 = exp-[(A+BTa)/T) (3)
or T = (A+BTa)/(C-%nI) (4)

The set of values A, B, C is determined empirically and is unique to a particular detector. By providing
read-out of A, B, C and Ta from each pyrometer, T can be determined from Eq.(4) using a standard software
routine in the engine control computer, and complete interchangeability of pyrometers is achieved. Typical
accuracy for the technique is #5 K for all ambient and target temperature combinations.

PEAK BLADE TEMPERATURE MEASUREMENT

While average rotor temperature can be obtained comparatively easily, peak (hottest blade) temperature
measurement is more difficult. The latter is nevertheless a natural refinement of turbine pyrometry and
would enable further gains in engine performance as well as providing valuable diagnostic information.

This has resulted in requests for smaller target spot slzes and increased system bandwidth. Fig.3 is an
example of the fidelity that can be achieved with a correctly specified pyrometer system. Alumina-coated
blades, and a single overheated blade, are clearly distinguishable. The following comments are intended to
highlight the more important effects that must be considered when individual blade resolution is important.

Direct measurement of true peak temperature is prevented by finite electronic bandwidth and finite viewed
area on the blade. However, peak reading error can be expressed in terms of the dimensionless parameters
fg/fy and w/d (Ref.2) and appropriate corrections applied to indicated values. For high resolution pyro-
metry, matching of spatial resolution and electronic bandwidth may be expressed as (ibid)

fs/fb = w/d (5)
or d = u/f' 6)
It may be shown that, for a photodiode/transimpedance amplifier combination
. k1
fu (G/ZdeR) n
Thus d = u(ZdeR/G)B (8)

The photocurrent produced by the detector can be approximated to
1 = k(dD/L)*exp(-B/T) 9

and it follows that

V(T) = RA(dD’LZ’ (10)
exp(B/T)

4= [!k] L] [ZWCdV(T)exp(B/T)] i an
D

Eliminating R between Eq.(8) and Eq.(10) gives

GA

System noise may be defined

v, /{dV/dT) 12)
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which. from Eq.(10) may be written

N =V T?/BW(T) (13)
Comparison with Eq.(11) reveals that

N« 1/d" (14)
Thus, for matched conditions, halving the spot size increases noise by a factor 16.
Eq.(10) in Eq.(13) gives

N= W; TYexp(B/T) (15)
Therefore, for a given application,

N = T?exp(B/T) (16)

Fig.4 illustrates the rapid increase in noise with decreasing target temperature for a typical pyrometer.
It 18 evident from the foregoing that choice of target spot size and minimum measuring temperature is of
great importance. Overspecification of either parameter will severely compromise system performance.

The effects of defocus upon spatial fidelity are small and can usually be ignored. For moderate departures
from focus, spatial sensitivity becomes weighted towards the view axis, which tends to offset loss of
fidelity associated with larger viewed area on the target surface. See Fig.5 for a typical example, and the
Appendix for a simplified treatment of defocus.

Peak temperature measurement is highly susceptible to errors due to hot particle interference, necessitating
the application of statistical sampling (Ref.3) or dual spectral (Ref.4) techniques. The advent of digital
engine control units can be expected to make practical the use of such techniques in flight.

In applications where the pyrometer scan is from the leading edge towards the trailing edge, peak temperature
usually occurs at the leading edge. For average rotor temperature measurement, an effective emissivity of
unity can be assumed with an error unlikely to exceed 5%, However, the emissivity at the leading edge will,
in general, not be unity and its value must be known if true peak temperature is required. For engine
development this is of great importance, but for flight control an observed temperature difference,
peak-average, is usually accepted as adequate. While the difference will not be correct in an absolute
sense, an increase from normal values {s a clear indication of blade overheating and once it has exceeded
acceptable levels an appropriate allowance can be made in the control signal, or control can be switched

from average reading to peak reading.

RADIATION INTERFERENCE

A single waveband pyrometer measures the spectrally-integrated radfation field at its collection lens. 1Io
the absence of polarization effects, the instrument cannot distinguish between emitted and reflected radi-
ation. Consequently, the intense radiation associated with hydrocarbon combustion can cause serious positive
errors in indicated blade temperature, especially when straight-through burner geometry is employed.

Accurate calculation of the errors is made difficult by the complex internal geometry of a turbine engine
and by fluctuations in flame size, position, temperature and emissivity. Measurements based upon dual
spectral pyrometry reported by Atkinson and Guenard (Ref.4) indicated maximum errors of 50-100 K with first
stage blade pressure surface viewing. Other view positions were not reported. Their results agree with
those reported by Douglas (Ref.3), who compared single waveband measurements with a discrete burner switched
on and off, again viewing first stage pressure surface.

Flame radiation reflected from first stage suction surface will be diluted in intensity by the view factor
between this surface and the adjacent pressure surface of the neighboring blade, and by the reflectivity of
the suction surface. A simple model in which the blades are represented by parallel plane surfaces yields
view factors typically in the range 0.2] to 0.07 corresponding to a midspan view position, and trailing edge
view position (the latter is an over-estimate due to blade curvature). If blade reflectivity is assumed to
be perfectly diffuse, with typical value 0.15, the product of view factor and reflectivity becomes
3.2x107%-1.1x10~2, that is, a worst case result for suction surface viewing of about 3% of the effect at the
pressure surface. Measurements (Fig.6) carried out on used blades and vanes from a high performance fighter
engine indicate that worst case radiation interference at first stage suction surface is approximately 1/30
that at first stage pressure surface, which compares well with the calculated estimate.

While these results should be regarded as only approximate, and are dependent upon specific turbine geometry,
it appears reasonable to conclude that even under steady engine conditions first stage pressure surface pyro-
metry is not s practical proposition unless flame radiation correction methods can be employed. Conversely,

first stage suction surface viewing may be considered free of serious errors under steady engine running and

it follows that second stage viewing will similarly not be subject to significant errors.

Concern about aftward movement of the flame front during rapid throttle maneuvers has spurred development of
dual spectral techniques for flame correction. Such difficulties with second stage viewing have not been
reported, and the need for corrections will probably be restricted to first stage pyrometry. The principle
of the dual spectral correction method is as follows.

A pyrometer operating at wavelength A produces a signal

V = ¢F(},T) an
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Radiation leaving the surface of a turbine blade comprises emitted radiation due to the blade surface
temperature plus radiation originating from other hot components and reflecting off the blade, Reflectivity
is the complement of emissivity and the observed signal is

v-egoxgub%>§eﬂ;umg (18)

Thus large reflected contributions give large positive errors in indicated temperature.

In a gas turbine there are five major sources of radiation:-

(1) the target blade

(11) the neighboring blade
(111) static vanes

iv) combuator wall

(v) flame

Sources (i11)-(iv) involve temperatures similar to the target blade, giving only moderate reproducible positiv.
errors that can be evaluated and allowances made. The flame, being considerably hotter than the blade, is a
source of intense radiation, and fluctuates in position, shape, size and temperature. By employing two
thermometer channels operating at different wavelengths the following relations are obtained
Vy = EbF)(Tb)+(l-€b)EfUFl(Tf) (19)
Vy = CbFz(Tb)+(l—=b)erFz(Tf) 20)

The view factor U between flame and blade is not predictable due to flame fluctuations. Eliminating U and
rearranging gives

Vi=QVz = e [F1(T)-QF2(Tp)] (¢39]
where Q= F;(Tf)/Pz(Tf) (22)

By assuming values for ¢, and Q (i.e. flame temperature) this relation can be solved for T, by generating
the calibration

F(T)) = ¢ [Fa(T)=QF2(Ty) ) (23)

and using V,-QV,; as the signal.
Alternatively, the relation may be rearranged as

Vi-QVz=gy [F1 (T, )-QF2(T,)] = 0 24
and solved by iteration.

A third method 18 to use look-up tables stored in the engine control computer, relating the difference
between indicated temperatures T, and T to the appropriate correction.

All these methods rely upon the flame creating different errors in the two channels. It is important to note
that if the fiame contribution becomes a large fraction of the total eignal, the method becomes less
effective. For example, if in Eq.(19) and Eq.(20) the contributions are

Vy = 1 (blade) + 1 (flame)
Vz = 1 (blade) + 1.3 (flame)
and 1f
Q = 0.75 (a typical value)
then V;-QV; = 0.275, and the method becomes one of emall differences between large signals.

The choice of viewing position is critical. Serious loss in correction accuracy occurs when the reflected
energy rerults in more than about a 50 K error, which may restrict first stage flight pyrometry to blade
suction surface. Ths need for correction techniques will depend upon flame movement during flight maneuvers
and this is yet to be determined. Finally, it is to be noted that flame radiation effects are far more
severe for ratio thermometry (typically six times worse) than for single waveband thermometry. The ratio
technique is therefore restricted to second or lower stage viewing.

OPTICS CONTAMINATION

A turbine pyrometer is designed such that only one optical surface, the outer surface of the collection lems,
is exposed to the turbine environment. This surface sust be maintained deposit-free, or correction methods
employed, {f accuraste temperature readings are to be maintained, Typical requirements for time between
overhsul are several hundred hours (military applications) snd several thousand hours (civil). Lens contami-
nation is of crucial importance since it constitutes a fail-dangerous (low reading) error mode. Three
candidate approaches are being evaluated; air purging, ratio correction and hot lens.

v g
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The air purge approach utilizes the Coanda layer attachment effect whereby compressor air is directed over
the lena surface to prevent particulate matter in the turbine main flow from coming into contact with the
lens. An important teature of the purge is its scrubbing action for removal of ignition phase deposits
which may form during engine start-up. The purge flow is directed via a sight tube through a continuous
annular slit coincident with the edge of the lens surface as shown in Fig.7. Consequently a layer of high
velocity gas is formed across the lens domed surface, separacing near the center of the lens. This geometry
may be considered as constituting a 3-dimensional curved wall jet. Provided the potential core extends to
the center of the lens, surrounding gases in the sight tube cannot make contact with the lens. Further, in
the potential core, the finite entrainment capacity of the jet does not result in mixing with the ambient
gas.

Reaults to date have been very encouraging on engine test beds but no more than adequate on flight appli-
cations. A purge lmprovement program utilizing computer modelling of particle trajectories is planned and
includes a study of the effects of contaminants in the purge flow itself,

The ratio correction method (Ref.5) utilizes two different wavebands and relies upon lens contamination
being spectrally gray and therefore attenuating both spectral signals equally. A ratio of the signals 1is
then unaffected by contamination, and may be used as a reference against which the individual spectral
signals can be compared. If blade temperature measurement is carried out by one of the spectral channels,
vith a correction applied according to the result of the raference comparison, the high speed and sensitivity
of single waveband temperature measurement can be exploited. The reference comparison may be carried out at
a fixed indicated ratio temperature, preferably high in the measuring range where signal strengths permit
better accuracy in the ratfio signal. Fig.8 illustrates the technique.

Pesk to peak modulation is relatively unaffected except under very extreme lens contamination, thus the
method preserves individual blade iaformation. It should be noted that the ratio reference wethod is not
suitable when flame radiation 1s present in the pyrometer signal, consequently it is likely to be restricted
to second stage measurements. Ratio pyrometry has been successfully demonstrated on industrial power
generation turbines (Ref.6).

By operating the pyrometer lens at a sufficiently high temperature it is possible to burn off carbonaceous
deposits. This self-cleaning action is an attractive proposition but places severe thermal demands upon
pyrometer design. Carbon oxidation rate is insufficient at 750 K (that is, the arrival rate exceeds the
oxidation rate), but laboratory tests at 1000 K have shown rapid and complete cleaning of engine-contaminated
lenses. An existing study program is expected to result in a successful design but this is yet to be proved.
In addition, long term build up of contaminants not removed by oxidation will need to be assessed.

MEASURING RANGE

1f it were possible to extend reliable temperature measurement down to perhaps 400 K, important gains such
as hot start detection and removal of thermocouple sensors could be realized. However, silicon photodiodes
have spectral response (vl um) far removed from the radiation emission peak for such low target temperatures
(M8 um) and give insufficient signal below about 900 K.

A complete review of alternative detectors is beyond the scope of this paper, but mention of several
important limitations will be made.

The military electronics component operating range of 218 to 398 K restricts the choice of detector, and is
a2 major factor in the selection of the silicon photodiode. Vibration levels (typically DC~20 kHz, 20 g)
demand rugged detector construction. Conventional glass fiber optics with good transmission up to 1.2 um
have proved to be extremely reliable under the vibration levels and 580 K operating temperature typically
encountered {n flight. There are reasonable prospects for suitable silica fiber light guides, extending
transmission to 2 um, and with about twice the transmissivity of glass at 1 um. However, beyond 2 um, it
appears unlikely that in the near future suitable light guides will become available. Above 1 wm, H;0, CO
and CO; absorption bands must be taken into account. By way of example, Fig.9 shows H;0 absorption for the
second stage pover turbine of an advanced technology fighter engine, calculated from the data of Ref.7.

In summary, it appears that the silicon photodiode will remain the optimum choice for the foreseeable
future, but possibly with silica displacing glass as a light guide material. Using the best available
silicon photodiodes (0.6 amps/watt response at 0.95 um) a reasonable expectation would be an extension of
measurement down to about 800 K, at least for rate of temperature change measurement.

CONCLUSION

Pyrometer interchangeability requirements can be met by reference to the fundamental properties of silicon
photodetectors, and the use of algorithms. This approach is applicable to filtered or unfiltered detectors.
The need to match spatial and electronic resolution should be recognized. Selection of target spot size is
extremely important in relation to signal noise. If peak blade temperature is required only in the higher
portion of the measuring range, signal fidelity will be limited by achievable amplification bandwidth.

Dual spectral pyrometry is effective for removal of flame radiation effects at first stage blade pressure
surfaces on engine development test beds, provided corrections do not exceed about 50 K. If the technique
cannot be successfully deployed {n flight on the next generation of fighter engines, pyrometry will very
probably be restricted to first stage suction surface or second stage viewing.

Ratio pyrometry is restricted to second stage viewing but offers the prospect of lens contamination tolerant
operation, and may gain favor for this reason.

The silicon photodiode is unlikely to be displaced as the optimum detector in the near future. Continuing
improvements in radiation energy collection efficiency and photosignal amplification offer prospects of a
moderate extension of the lower temperature measuring limit down to about 800 K.
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APPENDIX

THE EFFECT OF DEFOCUS ON PYROMETER SPATIAL SENSITIVITY

Nomenclature

A lens stop area

Az focused target spot area

J radiative flux

L lens stop radius

r2 focused target spot radius
s(r) spatial sensitivity

The following analytical model enables changes in spatial sensitivity to be determined for view distances
less than the focus distance. The target surface is assumed to be a uniformly bright Lambertian radiator.
Cosine effects, lens aberrations and wide angle response are ignored.

Target at Focus Distance

The flux collected by any elemental area of the lens from any elemental area of the target is JdAdA2 /LY.
The total flux collected from any dAz is therefore JdAzA1/L?, giving a top-hat spatial sensitivity profile.
See Fig.Al and A2.

Target at Less Than Focus Distance

The limits over which the lens collects flux from any point can be visualized by noting that only rays
passing through the point, the lens stop and the focused target area will be collected. Refer to Fig.A3.

From postion P; flux is collected over the entire lens. From P3; no flux is collected. At P, the portion of
the lens stop collecting flux is defined by the area of intersection of two circles; the lens stop, and a
circle (radius r) formed by the locus in the lens stop plane of a line pivoted at P, and moved around the
circumference of the focused target spot. See Fig.Ad4.
Spatial sensitivity is proportional te¢ A/2?, thus A requireg defining as a function of ¢ and z, (Fig.AS).
From Fig. A5 it can be seen that

r = rat/(L-2)
and from Fig.A3 A= ry-z+i(rz-z)/(L-8)
Note that Z ax OCCUTS when 4 = 0,
that is, Zax = fara+r; (L-2)}/L
Case I, r »ry
1f the intersecting circles are represented as in Fig.A6, then intersection occurs when XXy that {s when

(lrlz_xiz])ﬁ_(lrlz+szl)5 -0

where g = r-A+r,—x‘

which i{s solved by iteration.

The area of intersection is then given by

T r1
A -'f (rz—xz);’dxd' J.(r‘z-x2))’dx
Xy 8

Note that when 4 3 2r; the complete lens stop is illuminated., Note also that the above expression is valid
only when A does not include more than half the lens stop area, i.e. the limiting condition is given by
Fig.A7, and by

b

rtri~4 » (rt-r; )%
When r+ri~a < (rl—rlz)k

we have the condition shown in Fig.A8 and the area of intersection is given by

T -
A -f (rz—xz)kdx#mn’-*f (r22-x)%x

Xy 0
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Performing the integrations gives,
I (xi+r;?)arcsin 1]-u4, 1-3+41, » (f'-fi‘)H
A= ‘ ‘ 5
lnryi-rlarcsin 1]-a, r~a+r, < (ri-r?)
where
2 2, 2.0 2 2 2,k
a - r’arcsin(x‘/r)+xir(l-x‘ /ré)"er;carcsin(B/ry)+ri8(1-3°/x ")

Case II, r < r;

This condition is dealt with by interchanging r and r), in the above expressions, noting that when & 3 2r,

the lens area {lluminated is wr<,
.

. Fig.Al
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Focus Distance L
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_— - — - ——- Axis
A
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Py P,
7
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e 0 +r;4-» from View Axis
p
L
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DISCUSSION

E.A.Pinsley, US
Have you observed variations in temperature readings over long periods of time due to accumulation of deposits
causing emissivity variations?

: Author’s Reply

; During engine burn-in, an oxide layer forms on the turbine blades, increasing in thickness with time. This increases the
blade emissivity to an asymptotic value, for which the oxide layer is sufficiently thick to be opaque to the pyrometer.
Since the pyrometer operates at 1 um, a very thin oxide layer is sufficient to be opaque, and forms very quickly at the
turbine operating temperature. Deposits from external sources (sodium for example) have been reported, but this type
of problem with regard to pyrometry appeats to be restricted to marine and industrial applications. No difficulties with
aero engines have been reported so far, but recognition of possible difficulties is important. Work on industrial turbines
suggests that there are good and bad blade viewing positions with regard to deposits — this iis mentioned in ref. 6.

J.Chivers, UK
With the increase in popularity of the use of thermal barrier coating on the surfaces of first stage turbine blades, what
effect is this likely to have on future applications?

Author’s Reply
Conventional thermal barrier coatings are polycrystalline and are dielectrics and therefore exhibit emissivity as a
volumetric effect, as opposed to metals for which it is a surface effect. Coating emissivity therefore depends not upon
surface finish, but upon grain boundary, impurity and bulk absorption effects. There are three cases:—

(a) Coating completely transparent at 1 um wavelength — this has no effect upon pyrometer readings.

(b) Coating sufficiently thick to be considered opaque — the pyrometer will collect radiation from within a volume of
the coating and transpose this into a bulk averaged temperature.

(¢) Coating partially transparent — the pyrometer temperature reading will be intermediate between the coating
surface temperature and the temperature of the coating/blade interface.

In terms of reproductibility, pyrometry is not likely to be degraded in quality as a control technique by the application
of thermat barrier coatings.

Y S

D.Davidson, UK
Do you have any evidence from engine companies that they are using the *hot blade’ detection capability of pyrometers
to remove substandard blades from the engine on production pass-off?

Author’s Reply
Only for industrial gas turbine production. I believe that Ruston Gas Turbines, UK, are using pyrometry for this
purpose. Reference to validation of pyrometry for detecting partially blocked or undersize cooling channels can be
found in: ‘Radiation Thermometry Applied to the Development and Control of Gas Turbine Engines’. T.G.R .Beynon,
in Temperature, Its Measurement and Control in Science and Industry, S, Part 1, pp 471—477, Amer. Inst. Physics,
1982.

b

i D.Davidson, UK
‘What measures do you take to minimise the effects of hot particle radiation from the signals?

4

Author’s Reply
I'know of two techniques:—

1 (a) Application of slew rate limiting (SRL) to the pyrometer output signal. This is effective for average rotor output
signal. This is effective for average rotor blade temperature, but individual blade information is lost. We have

1 provided systems to several aero engine manufacturers with SRL incorporated into the pyrometer detector/
amplifier module.

recovered in the presence of hot carbon particle interference, but requires accurate (1) timing of the sampling
relative to the rotational speed of the rotor. An example of this approach is given in ref.3. The sampling and

| processing can be readily carried out by digital engine control units ~ there appears to be no advantage in
incorporating it into a pyrometer.

A (b) Multiple sampling followed by statistical processing. This more sophisticated method, enables blade profiles to be

H.May, GE
In what range lie the values of the average emissivity of the blade?

Author’s Reply
New unused blades of high nickel alloy have emissivity at 1 um wavelength of typically 0.7. During initial engine
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running, an oxide layer forms on the blades, rapidly reaching sufficient thickness to be opaque at 1 um wavelength. The

emissivity is then approximately 0.85

Thermal radiation collected by a pyrometer consists of two components:—

(2) Radiation emitted by the target blade plus radiation originating from other sources and reflecting off the target
blade.

(b) The neighbouring blade is a significant source of reflected radiation, and results in an effective emissivity for the
target blade of about 0.85 at the leading edge, increasing to about 1.15 as the pyrometer scans towards the trailing
edge. For average rotor temperature, a value of unity can be assumed, with an error unlikely to exceed 5%.

However, for thermal mapping, allowance must be made for the variation of effective emissivity along the
pyrometer scan. For a detailed discussion of this, see ref.3.
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TURBINE ROTOR BLADE MEASUREMENTS USING INFRARED PYROMETRY
BY

W. Koschel, D. Salden and T. Hoch

. Institute for Jet Propulsusion and Turbomachinery
PR Technical University of Aachen
p Templergraben 55, D-5100 Aachen

\& SUMMARY

An infrared pyrometer system has been developed for the
noncontacting measurement of metal temperatures on turbine
rotor blades. The system with a high bandwidth ratio, a
small target size and a high signal-to-noise ratioc meets
the requirements for the accuracy of temperature measure-
ments to be performed on small gas turbines running at high
speeds. The system set-up is described and special features
of the probe head design, the lay-out of the detector/
amplifier unit and the signal processling are discussed in
detall. Results of the automated calibration of an infra-
red pyrometer system concerning the influence of varilations
in the target-to-lens distance, in the lens stop diameter
and in the observation angle on the detector signal output &< T “te
will be reported herein. Finally some -results of temperature ’
measurements obtained for the cooled rotor blades of a small
research turbine are presented.

AD-P005 539

A,
NOMENCLATURE
a sighting distance x target dlameter
a, nominal target-to-lens dilstance a observation angle
£ focal distance X wave length
K Kelvin ] focussing lens dlameter
LE leading edge
R resistance Subscripts
t time
T temperature K calibration
TE  trailing edge Ly ~lens aperture
v detector output voltage 0 at zero observatlion angle

1,J,k numbering of variables

1. INTRODUCTION

The determination of the thermal loading of gas turbine blades implies the accurate know-
ledge of the actual temperatures in the vane and blade material. During research and de-
velopment work thermocouples are often used on turbine or engine test rigs to get the
necessary information. But there are some shortcomings, 1f thermocouples are applied
especlally to rotor blades:

limited number of measuring positions within the blade,

reduced mechanical strength of the blades due to the inserted thermocouples wires,
inaccessibility of the critical locations like the tralling edge region,
insufficient time response and

difficultlies concerning the signal transmlssion from the rotating system.

The concept 0f the noncontacting opto-electronical temperature measuring system based on
the infrared pyrometry avoids a lot of these disadvantages.

A strong effort has been made in the development of infrared pyrometers for jet engine
applications starting in the late sixties [1], [2], [3]. Since then they have become a
rellable tool for the inflight blade temperature monitoring [!] and eyen for dlagnostic
purposes durlng the experimental evaluation of blade cooling designs 5], 6}. Though

the principle of measuring the emitted radiation of a hot spot by means of a photovoltaic
detector seams to be rather simple, there are many problem areas assoclated with the
application of an infrared pyrometer system to the temperature measurements of rotating
turblne blades. The system design must satisfy the needs for a fast time response at high
blade passing frequencies and sufficient spatial resolution of the observed target spot
in relationship to the viewed blade width in order to make 4t to an accurate instrument
in the turbine research. A high bandwidth ratio which is defined as the ratio of the
amplifler bandwidth to the blade passing frequency must be accomplished to record the
actual signal rise [7]. Due to the physical limitations of silicon type detectors which
are commonly used for turbine blade pyrometer systems there are some difficultles to
fulfil these requirements especially in the case where rotor blade temperatures have to
be measured 1in small turbines at a low temperature range.

The present paper reports on an infrared pyrometer system which has been developed for
the purpose of scannling rotor blade temperatures in small research turbine stages
running at high speeds. Special emphasis has been laid upon the following aspects

- minlaturisation of the probe head,
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- high bandwidth ratio °

- good signal-to-noise performance at target temperatures below 600° C for a silicon
type detector/amplifier unit and

- automated calibration of the lense/detector system.

Some details of the work carried out to fulfil these requirements are presented and
discussed. A lot of experilence has been gained with this infrared system during the last
years applying it to temperature measurements on a cooled rotor blade of a model turbine.
Some of these results are reported herein.

2. DESCRIPTION OF EQUIPMENT
2.1 SYSTEM

The infrared pyrometer system consists of
- the optical probe head,
- the detector/amplifier unit and
- the signal processor.

Pig. 1 shows the block diagram of the system set-up. The thermal radiance of the target
spot, which has typical diameters ranging from 1.0 to 1.5 mm, 18 received by a focussing
lens in the probe head. In most of the applications the housing with the detector/ampli-
fier unit is placed far from the test engine environment. The signal between the probe
and the detector 1s then transmitted by a fibre optic light guide. A correction ampli-
fier and a magnetic shutter controlled diaphragm are used for the zero adjustment of the
signal. Further system components are the target positioner with a light source, the tem-
perature control unit for the detector cooling and the blade selector unit, which allows
the scanning of the individual rotor blades of the test turbine. The signal processing

is performed by means of a transients recorder linked to a computer.

2.2 PROBE DESIGN

The design of an infrared pyrometer probe for gas turbine applications includes the
following items:

- design of the optical lens system and the deviation mirror if needed,
- cooling of the probe and its support and
~- air purging to avoid fouling of the observation window.

These problems must be solved individually for each test case accounting for the possi-
bilities of accessibllity in the turbine stage. In Filg. 2 two different designs of probe
heads are shown. The first type, which has been used in engine tests, has a water-cooled
probe shaft with an outer diameter of 9 mm, The second probe with a head diameter of

7 mm has been designed for small turbine applications. This probe 1s additionally
equipped with an air purge for the observation window. These probes can be positioned

by means of steppermotor controlled supports.

2.3 DETECTOR/AMPLIFIER UNIT

If it is supposed that the analog to digital signal conversion does not account for in-
validations, the system accuracy is determined by the performance of the analog component
i.e. the detector/amplifier unit. A maximum signal-to-noise ratio at the photo current
conversion, a fast time response, small linear and nonlinear distortions and a sufficient
slew rate reserve in order to exclude transient intermodulations at high signal dynamics
are the objectives of the detector system design.

The temperature resolution, the measuring accuracy and the lower limit of measurable tem-
peratures depend on the maximum attainable signal-to-nolse ratio. Therefore a lot of
effort has been made to optimize the detector aystem.

Silicon type photodiodes are usually applied in turbine infrared pyrometer systems.

Fig. 4 shows black body radiant emittance at different temperatures and the spectral sen-
sivity range of silicon diodes. The silicon-PIN-photodiode, which is used in the presen-
ted system, has the following advantages over the PN-type diodes:

faster time response

higher quantum efficiency,

smaller junction capacitance,

smaller back conductance and

a higher possible reverse voltage resulting in a lower capacitance modulation.

Typlcal properties of a silicon PIN-photodiode with an integrated infrared filter can be
drawn from table I.

The quality of the signal-to-noise ratio and the dynamic sensor performance depend
strongly on the detector operating mode and the detector circuit. Comparison has been
made between conventional photoamplifier circuits and the transimpedance amplification
(see Pig. 5. It can be stated that the best results concerning the nolse and distortion
reduction have been obtained by the choice of a transimpedance photoamplifier. Using
this PIN-type diode the dominant noise is produced by the amplifier elements, whereas
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Table I

Properties of the used silicon-PIN-photodiode
BP 104, Siemens, with built-in IR-filter

Semiconductor i silicon

Type :  PIN-photodiocde
Quantum efficiency : 92 %

Responsivity : 0.71 A/W
Peak-wavelength ¢ 950 nm
Cut-off-wavelength : 830 nm, 1080 nm

Dark current : 2 nA (10V, 25 C)
Rise time : 10 ns (10 V)
Detector capacitance: 10.8 pF (10 V)
Detectivity : 5.4 x 10'* cm YHZ /W

the dark current noise 1s of a minor importance. By a proper selection of low nolse ampli-
fiers a high signal-to-noise ratio can be achieved. Filg. € shows the detector/amplifier
circult used in the actual pyrometer system design. A dark current compensation has been
added in order to allow the operation of diodes with a higher dark current in the system
or without cooling. The compensation does not affect the signal-to-noise ratio. This was
achieved by using an extreme high impedance input stage with an effective bandwidth re-
duction and by applying a low noise FET current source. Then the signal 1is fed to & line
driver buffer amplifier for preserving the dynamic accuracy and the signal-to-nolse ratio
at transmission.

The overall system performance can be specified by the following :.lata based on a target
diameter of 1.5 mm:

noise equivalent temperature: 525 C

- 3 dB bandwidth : 300 kHz
- rigse time : 1,15 us
- system detectivity : 4.7 - 10 em {Hz/W

2.4 SIGNAL PROCESSOR AND READOUT UNIT

The subsequent signal evaluation 1s performed on-line by means of a data processor. The
schematic set-up of the signal processor 1s shown in Fig. 6. In the first step the analog
detector signal 1s converted into 512 digital points/curve by a Nicolet transients recorder.

The time window, which 1s derived from the turbine rotor trigger, can be preselected by

8 link between the transients recorder and the data progessor. Linearisation and the con-
version of the detector signal ocutput voltages into temperatures based on the calibration
data are performed by the computer. A smoothening of the raw detector signals can be
achieved hy applying a sampling method and by using low pass filtering. High sample rates
and a sufficlent quantization are needed for minimizing aliasing errors and quantization
noise. The evaluated temperature data can be displayed on a terminal screen or edited by
a printer or a plotter.

3. PYRQMETER CALIBRATION
3.1 CALIBRATION PARAMETERS

One of the major problems in the design of the optical system of infrared pyrometers for
turbine blade appllications is due to the fact that the sighting distance 1.e. the target-
to-lens distance varles while the blade passes in front of the probe head. Variations in
the sighting distance result in changes of the target spot diameter and geometry correspon-
ding to the blade profille shape and in changes of the observation angle. Since these geo-
metrical parameters influence the recelved radiant energy at a given temperature level

and in congequence the detector output voltage, it 4s necessary to carry out a callibration
of the infrared pyrometer system.

Fig. 7 shows schematically the interdependencies bLetween the detector output voltage U
and the calibration parameters:

calibration temperature level T
measuring distance a and
observation angle a.

v

3.2 CALIBRATION SYSTEM

An automated calibration procedure was developed to determine the relationahip hetween

the detector output and the geometrical parameters like the target-to-~lens distance, the
observation angle and the target spot diameter at varying temperatures for a given probe
construction. The calibration method is hased on & comparative temperature measurement

of an electrically heated strip target equipped with 2 thermocouples. Since the strip
target is made of the same material as the turbine hlade the influence of the temperature-
dependent emissivity changes can he eliminated.

Pig. 8 shows the block dlagram of the automated calibration system with its main functions.
The probe with the optical system, which has to be calibrated, is mounted on an optical
support which allows a stepper-motor-controlled shifting of the target-to-lens distance
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as well as turning the targst. The minimum step width 1s 0.005 mm 1in the distance varia-
tion and 0.02 degrees in the observation angle variation. A mlcroprocessor controls the
whole calibration procedure and the acquisition of the geometrical data, of the detector
output and of the thermocouple readings. The multiparameter approximation of the measured
calibration data 1is carried out on a central computer. A set of polynominal coefficients
is obtained as a result of the calibration, which allows the calculaticn of temperatures
as a function of the measured detector output voltages and of a known target geometry.
This ap goximation method was adopted from the calibration of multi-hole-pressure

probes .

A view of the calibration place consisting of the measurement console and the stepper
motor controlled optical support unit in front of it 1s shown in Fig. 9.

3.3 PROBE CALIBRATION RESULTS

In Fig. 10 the deviation of the measured temperature indication is plotted as a function
of the sighting distance related to the nominal target-to-lens distance at the calibra-
tion temperature of 1210 K. The focussing length of the lens amounts to 30 mm and the
inlet slot diaphragm has a width of 1 mm, This result indicates that an optical probde de-
sign which is relatively insensitive to target-to-lens distance variations can be realilzed.

The influence of the sighting distance on the geometry change of the viewed target spot 1is
shown in Fig. 11. Though the target diameter increases with the greater sighting distance
the sensed radiant intensity remains nearly constant due to the compensating effect of
the increasing solid angle.

The cAlibration system turned out to be a very useful tool in the design process of the
pyrometer lens system especlally with regard to the selection of the optimum lens aper-
ture, Fig. 12 shows an example of the influence of the lens aperture dlameter on the de-
tector output signal. The lens diameter was in that case @ = 17 mm. The best signal shape
has been obtained by the choice of an aperture diameter of ”L = 5 mm.

A typical result of the observation angle callbratilon is shown 1in Fig. 13.

In Fig. 14 the detector output signal is plotted versus the calibration temperature at
3 different amplification ratios for an infrared pyrometer system. The amplification
ratic 1s chosen according to the blade temperature range to be measured.

4. TURBINE BLADE TEMPERATURE MEASUREMENTS

A lot of experlence with the infrared pyrometer system has been gained by applylng it to
a research turbine. The rotor blades of the one-stage axial turbine were equipped with

80 imbedded thermocouples. Thus an excellent comparison could be made between the thermo-
couple readings and the infrared pyrometer measurements on the blade surface. Fig. 15
shows a view of the turbine rotor from the rear side. Two different types of probes were
used in order to measure blade surface temperatures vlewing from the front side and the
rear slde of the rotor.

A typlcal plot of the blade surface temperature distributlion over two blade spaclngs taken
by the rear pyrometer probe is shown in Fig. 16. A sawtooth shape is obtained, which 1s
typlcal for cooled turbine blades, when looking from the rear onto the profile suction
sldes. The peak values belong to the trailing edges of two neighbouring blades. By
applying the above mentioned smoothening techniques the signal quality can be improved

as can be seen from the plotted temperature distribution in Fig. 17.

Finally, a comparison of the blade temperature distributions obtained by the thermocouple
measurements and by the infrared pyrometer readings has been made [9]. The temperatures
from the infrared pyrometer measurements are slightly higher, which may be explained by
the fact that the thermocouples are imbedded below the blade surface. Therefore they must
indicate lower temperatures, if the temperature gradlent in the material of the cooled
blade 1s taken into account. Hence the agreement between the results of the two different
measurement methods can be regarded as excellent.

5. CONCLUSION

Infrared pyrometry has proven its ability to measure blade temperatures on high speed
turbines with a high degree of accuracy. During the development work carried out in the
last years good progress has been attained concerning the dyngmic performance of the
detector/amplifier system characterised by high bandwidth ratios and high signal-to-nolse
ratios in the low temperature range. Improvements have been also achleved in the lens
design, in automated calibration methods and last but not least in the signal processing.
There are still problems left associated with radiation from combustor liners or from
glowing particles in the gas path. In some cases these effects may contribute to conside~
radle errors in the infrared pyrometer readings. Further research work is therefore de-
dicated to these problem areas in order to eatablish suitable methods allowing for
corrections of these influences.
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Fig. 9: View of the callbration system
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Fig, 15: View of the turbine rotor from the rear side
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DISCUSSION

P.Kirby, UK
Did you measure effective emissivity which arises from the influence of adjacent blades?

Author’s Reply
1 try to evaluate it by my numerical methods not by experimental methods.

P.Kirby, UK
How isothermal was the test strip used to check the sensitivity of the pyrometer to the focusing?

Author’s Reply
Uniformity of temperature — it has a special shape first. We put on it several thermocouples, then looked at the
uniformity of the temperature distribution.

G.Alwang, US
You made corrections for temperature on neighbouring blades by modifying the emissivity on these surfaces, (re:
question (1) by P.Kirby), is that correct?

Author’s Reply
That case is a residue which has been gained three years ago. At that time we did no corrections but now we have a 2-
dimensional model in order to correct for the reflection of the neighbouring blades for a given geometry.

P.Kirby, UK
Did you account for possible effects of surface finish upon the value of emissivity?

Author’s Reply
This is a test turbine which has a good surface quality, the same as the heated strip. Later on, we did some
measurements using, for example, two colour pyrometry, and so on.

D.Davidson, UK

How much air cooling was applied to your test turbine?

Author’s Reply
I'must point out that this turbine was only used for basic research. It was not used to develop a higher degree of cooling
effectiveness. We looked at the influence of external heat transfer on the rotor blades. Therefore you must consider the
cool blade only has a heat ‘string’.

E.Pinsley, US
What was the upstream temperature of gas, i.e. was it near the combustor?

Author’s Reply
There is a combustor supplied with natural gas upstream, but it is far from the turbine, thus they are separated. There is
a chamber between the turbine and the combustion chamber. Therefore the turbine is shielded from radiation coming
from the combustion.

J.Allan, US
Was probe looking upstream or downstream?

Author’s Reply
The first one looked downstream. For upstream looking probes we use air purging.

J.Allsn, US
Did you have trouble with purge?
Author’s Reply

No, not at all.

R.E.York, US
The following comments are offered as an aid to the chairman in forming his own summary and I will not fee! slighted if
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you choose not to include these remarks directly. They are based on my dual experience as a heat transfer research
engineer and as head of a controls R & D depaniment. They represent an interesting contrast in how ‘temperature’ is
viewed.

We must be careful to distinguish between the requirements of temperature measuring systems for research and engine
development with those for engine control systems. Both the thermal sciences research scientist and the engine
development engineers place a high value on temperature accuracy. Accuracy in this context means both absolute fevels
in mean values of either the gas or blade surfaces, and sufficiently high response to capture temperature variations,
However, the controls system engineer does not usually share this concern for either ultimate accuracy or very high
response. He needs only a signal related to temperature that has a response rate comparable to enginc transients. He is
totally comfortable with applying empirical correction factors and lead/lag constants determined during iterative engine
development testing. The controls engineer places a higher value on durability, stability over long operating times,
reliability, and cost of the “emperature measurement’ system.

These two different requirements should therefore result in quite different system designs. For example, a cryogenically
-cooled detector, needed to meet the high sensitivity requirements for R & D, would be ill-suited to the high-
temperature environment of a high flight Mach number advanced fighter.

Hopefully, the further development of advanced temperature measurement technology, of either the fibre optic sensor
or pyrometry-type, or yet another principle, will allow us to design affordable systems optimized to each application.
Such advances are a critical technology need for the high temperature engine cycles of the next-generation of gas
turbines.
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1. SOMMAIRE

Les présentations qui ont fait I'objet de la 4éme Session du 67éme Symposium ont permis d'illustier de nombreux
aspects des techniques d'acquisition et de traitement des données 2 haute vitesse. Elles ont en particulier mis en évidence
limportance du traitement numérique de l'information et en conséquence sa dépendence des progrés faits dans le domaine
informatique.

Des progres considérables sont encore envisageables et concerneront surtout les vitesses de transfert d'information, les
capacités de stockage, les possibilités de calcul temps réel, la souplesse d'utilisation et d'une fagon générale, une meilleure
ergonomie des moyens. Toute cette évolution devra sa faire de telle sorte que la mise en oeuvre de ces techniques se fasse
sans nécessiter de formation trop spécifique du physicien a celles-ci.

2. INTRODUCTION

L’acquisition et le traitement des données a haute vitesse sont devenues deux clefs essentielles du développement des
méthodes de mesures les plus évoluées. Ils ne constituent pas une fin en soi pour le physicien mais des moyens
indispensables qui, comme le montrent nombre d'exposés, peuvent contribuer a freiner I'efficacité des expérimentations si ils
sont insuffisamment pris en compte. Les présentations faites au cours de cette session ont cherché 2 en montrer de nombreux
aspects: quelles fonctions recouvrent ces techniques, quelles en sont les particularités et les limitations, quel gain
opérationnel on doit en attendre? Nous sommes ¢n effet dans un contexte ou le facteur temps a une trés grande valeur: tout
progres fait dans le cycle de traitement des informations sera un atout essentiel pour celui qui aura su l'obtenir.

3. EVALUATION

Sous I'appellation “acquisition et traitement des données a haute vitesse”, de nombreuses fonctions sont a considérer.
Elles touchent aussi bicn au pur traitement des données qu'en 'automatisation des expéri ions, tiches qui contribuent
toutes deux i améliorer les qualités opérationnelles des essais de recherche et développement.

3.1 Acquisition/Traitement des données

Pour ce qui concerne cette premiere tiche, on peut distinguer les fonctions suivantes:

- acquisition des signaux (qui reste encore analogique dans la majorité des cas),

— filtrage puis numérisation,

— stockage-mémorisation,

— traitement avec possibilité de dialogue avec F'expérimentateur. Cette phase peut elle-méme étre divisée en 2 classes:
les traitements qui sont faits alors que I'expérience se poursuit, généralement appelés “temps réel” ou “temps quasi
réel” et ceux effectués en temps différé, hors essais,

— présentation des résultats (cn recherchant la forme la plus explicite possible d'illustration de phénoménes
complexes).

Aucune des fonctions exposées ci-dessus n’est en fait indépendante des autres et la totalité du processus doit étre
pensée globalement pour arriver & un résultat performant. Il faut souligner que les moyens analogiques ont pratiquement
disparu pour laisser la place aux numériques avec la mise en oeuvre, au coeur des systémes de mesure, de moyens
informatiques de puissance croissante: mesure — acquisition — numérisation — traitement sur ordinateurs sont devenus
indissociables. Grice A cette démarche, les méthodes développées peuvent plus facilement passer du stade laboratoire a celui
de la Recherche/Développement et enfin i celui de la mise en oeuvre courante, ce qui doit étre notre souci permanent.
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Plusicurs techniques de mesure peuvent conduire a des situations ou I'acquisition et le traitement doivent étre effectués
a haute vitesse et ceci pour deux raisons principales qui agissent dans le méme sens:

— le nombre de capteurs nécessaires a une méme expérience va en croissant,

— I'approche “dynamique” des phénoménes physiques est devenue essentielle.

En pratique, la multiplication du nombre de capteurs par la fréquence d’échantilionnage (fonction de la bande passante
utile) conduit a des situations difficiles. Les exemples présentés illustrent bien les ordres de grandeur des besoins: 50 000
échantillons par seconde pour le suivi du fonctionnement transitoire d’une turbomachine, 1 million d’échantillons par
seconde en aérodynamique non stationnaire des entrées d'air, 300 000 a 2 millions d’échantillons par seconde pour le suivi
vibratoire complet d'une machine.

11 faut remarquer également qu-il est de plus en plus rare que les valeurs mesurées soient utilisables telles quelles. Soit
elles ne sont qu’vne image trés indirecte du phénomene physique, soit elles nécessitent pour le moins des corrections et un
traitement, souvent statistique, pour &tre rendues exploitables. L’expérimentateur doit donc posséder une puissance de
calcul disponible qui lui permettra non seulement de ne pas travailler en aveugle mais de pouvoir piloter son essai, orienter le
programme... Ceci est indispensable vu le coit d’exploitation des lourdes installations d’essais dans lequelles les expériences
sont conduites et explique donc I'importance qu'il faut accorder aux possibilités de calcul “temps réel ou quasi réel”.

Dans de nombreux cas, un archivage des informations brutes est malgré tout nécessaire et doit étre fait sans dégradation
ni en amplitude, ni en phase relative. Les raisons principales peuvent étre trés diverses:

— sécurité (possibilité de rejouer un essai qui ne peut étre recommence),
— impossibilité de transmettre les informations en cours d'essai,
— besoin de faire des traitements paramétriques avec des réglages différents,

— nécessité de pouvoir reprendre un essai bien plus tard 4 des fins de comparaisons ou avec un nouveau modele
d'exploitation.

Pendant longtemps, pour les types d'acquisition qui nous préoccupent, 'enregistrement magnétique FM a été généralisé
(soit IRIG large bande Groupe 1 puis 2, soit FM multiplex). Mais cette méthode limite la précision au mieux a 1% et peut
induire des déphasages entre signaux. Aujourd’hui, suivant les cas d’application, des évolutions sont prévisibles, soit vers des
solutions purement informatiques avec les progres faits en matiere de mémoires de masse, soit vers le principe de
Fenregistrement numérique haute densité. Cette derniére technique mérite une fiabilité de I'enregistrement magnétique
classique avec de nombreux avantages liés au numérique dont en particulier la précision, le bon rapport signal/bruit,
I'absence de déphasage... Il existe un besoin pour des machines ayant une capacité de plusieurs Mmots/seconde avec des
autonomies de I'ordre de 30 min a 1 h. Par contre, une difficulté de taille subsiste et devrait étre traitée en priorité: il s'agit de
I'absence de standard universellement adopté en la matiére. Si en enregistrement magnétique classique, le standard IRIG est
remarquablement bien appliqué, en numérique haute densité, les technologies des constructeurs sont différentes, ce qui rend
les échanges entre organismes quasiment impossibles a2 moins de choisir rigoureusement les mémes matériels. On peut
également noter que cette technique présente I'intérét de pouvoir exister en technologie embarquable, ce qui étend son
champ d'application a la totalité des conditions expérimentales.

Une autre voie est celle des enregistreurs de transitoires. Tres intéressants car ils combinent en un seul appareil facile
d’emploi toutes les fonctions; ils sont cependant souvent limités par le volume total d’information qu'ils peuvent stocker sur
chaque voie de mesure. Ils sont trés performants sur le plan de la vitesse de transfert et de mémorisation et sous cet aspect
dépassent ce qu'on peut attendre du couplage classique d'un ordinateur associ€ a un disque dur (dans une gamme de prix
raisonnable).

Centaines applications du traitement du signal et en particulier le traitement d’'images devraient pouvour trouver des
possibilités d'extension avec le développement des disques optiques qui pourront se substituer aux mémoires tampons.
Hormis leur 2vantage sur le plan de la capacité, il faudra ici aussi que des progrés soient réalisés en ce qui concerne la vitesse
d’acces.

Les installations de mesure spéciales a hautes performances resteront vraisemblablement en nombre limité dans chaque
organisme alors que les sites d’essais sur lesquelles elles doivent étre mises en oeuvre sont beaucoup plus nombreux. En
conséquence, la puissance d'acquisition et de traitement doit étre mobile, disponible et doit sulvre les équipements de
mesure. Cela signifie qu'il ne faut souvent pas compter sur la puissance d'un gros calculateur central comme il en existe dans
tous les Centres d’Etudes. C'est a ce niveau que les progrés faits en matiére d’ordinateur et tout particuliérement de
processeurs vectoriels devraient ouvrir des horizons nouveaux. Quelques applications sont désormais opérationnelles y
compris en utilisant les machines sans faire appel a la bibliothéque standard de traitement du signal. Mais de telles
applications sont encore lourdes & développer et des progrés sont indepensables dans la programmation de tels systémes
pour en tirer le meilleur parti sans avoir a utiliser des méthodes de programmation spécifiques et trés délicates.

3.2 Automatisation des expérimentations

Dans le cadre de cette deuxiéme tiche, on peut distinguer les fonctions suivantes:
— pilotage de Ia machine en essai,
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— ajustement des conditions de fonctionnement du banc d'essai et des servitudes,
— télécommande des divers dispositifs de mesure,
— surveillance/alarme et automatisation des procédures,

— et bien entendu, tout ceci étroitement combiné avec Pacquisition de toutes les mesures associées et leur traitement
continu.

Sur les moyens complexes, toutes ces fonctions autrefois dévolues  des instruments analogiques et a des techniciens
sont désormais gérées par un ou plusieurs ordinateurs. Une des conséquences essenticlles est le besoin croissant de
traitement temps réel de toutes ces informations. Ceci ne peut étre accompli que si les systémes informatiques ont la capacité
de traiter des acquisitions ou rafales d'acquisition prioritaires tout en pouvant imbriquer les autres fonctions de calcul et en
particulier celles qui relévent du temps partagé. Il faut aussi traiter avec un soin particulier la qualité et I'efficacité de la sortie
des résultats:

— au niveau des moyens d'essai. Le pilote et I'expérimentateur doivent pouvoir disposer trés rapidement (parfois quasi-
i ément) d'élé clairs et synthétiques permettant de travailler efficacement en toute sécurité.

En plus des moyens alphanumériques, les systémes graphiques peuvent apporter une aide considérable: pour aider a
la conduite du banc en présentant des synoptiques continuellement mis a jour en fonction des conditions d’essais mais aussi
en affichant une représentation souvent en couleur des phénoménes physiques étudiés (écoulements, cartes, traitement
d'images).

— au niveau de la connexion avec des moyens extérieurs. Il est rare en effet qu'une installation d'essais soit isolée et il
faut pouvoir transférer facilement les résultats expérimentaux pour pouvoir les confronter ou le utiliser dans de gros
modéles de calcul qui ne peuvent opérer que sur des calcul s trés puissants. Si la bande magnétique numérique
est et restera un moyen trés utilisé, il y aura de plus en plus de besoins de mise en place de lignes spécialisées a
plusieurs Mbits/seconde donc 2 des cadences du méme ordre que celles qui existent en acquisition pure.

4. CONCLUSIONS

La mise au point des turbomachines implique le développement de méthodes de mesures trés sophistiquées.
Aujourd’hui, pratiquement aucune ne peut &tre congue sans prendie en compie dés ie début de Ya conception les possibilités
d'acquisition et de traitement des données a haute vitesse. On peut méme penser que les progrés en matiére de mesure
passent dans de nombreux cas par ceux faits en mati¢re en traitement des données. Si les méthodes analogiques ont été
largement employées par le passé, elles tendent aujourd’hui a céder le pas aux moyens numériques.

Ces derniers apportent de grands avantages en matiére de coiit, de souplesse, de qualité des informations, ils poseat
cependant certains problemes dont ceux correspondant i la vitesse de calcul et a tout ce qui touche a ce que I'on appelle
couramment le temps réel ne sont pas des moindres. Ces techniques étant relativement récentes et fortement dépendantes
des progres faits en informatique, il faudra prendre soin a rechercher des solutions qui permettent une bonne compatibilité,
que ce soit au sein d’un organisme ou entre les laboratoires qui sont amenés a travailler ensemble.

1 faut enfin souligner que le développement d'une nouvelle méthode de mesure complexe ne peut étre fait qu'au sein
d’une équipe pluridisciplinaire qui doit inclure pour le moins avec le physicien, le spécialiste de mesures et I'informaticien qui
devront coordonner leurs efforts pour utiliser au mieux les progres techniques.

5. RECOMMANDATIONS

L acquisition et le traitement des données & haute vitesse sont des outils essentiels qui peuvent contribuer a réduire la
durée des cycles de développement des turbomachines. Afin de les rendre plus performants et d'en étendre le champ
d'application, les recommandations ci-dessous peuvent étre formulées:

5.1 Laaumérisation de l'information doit étre pratiquée aussitdt que possible. Les capteurs a sortie numérique seront
donc trés intéressants dans ce but.

5.2 Il est nécessaire de disposer de moyens de stockage puissants, conservant la pré :ision et de vitesse d'acces trés
élevée. Trois voies doivent étre développées:
— I'enregistrement numeérique haute densité,
— les enregistreurs de transitoires,
— les disques optiques.

5.3 Dans le domaine de I'enregistrement numérique haute-densité, il est nécessaire qu'un standard soit fixé afin
d’assurer une compatibilité entre les divers équipements.

5.4 1l faut pouvoir disposer de moyens de calculs puissants, y compris sur des installations mobiles de taille modeste.
Le processeur vectoriel associé & un miniordinateur hote peut constiuer une excellente solution. Des progrés
Testent cependent a faire en matiére de facilité de programmation de tels outils.

5.5 Dans de nombreux cas, des calculs relativement complexes sont souhaitables sur le systéme informatique dédié a
I'application expérimentale. Il faut alors que les ordinateurs utilisés permettent Pacquisition et le calcul temps
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5.6

57

réel associé de fagon prioritaire mais aussi puissent servir simulanément divers autres utilisateurs en temps
partagé.

11 faut développer toutes les méthodes graphiques et d'imagerie qui peuvent permettre d'illustrer et mieux faire
comprendre les phénoménes physiques mis en jeu.

I taut développer les liaisons numériques a trés haut débit, soit pour connecter entre eux les équipements d'une
méme installation, soit pour pouvoir les relier de fagon performante a un systeme informatique centralisé puissant
sur lequel peuvent étre implantées des bases de données.

al
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SUMMARY

Hféh response instrumentation is used frequently in gas turbine engine testing to
determine the transient and dynamic behavior of various engine and component parameters.
The Naval Air Propulsion Center (NAPC) enhanced its data acquisition and analysis
capability in April 1983 with a new digital high response data acquisition system which
eliminated many of the problems inherent with older analog data acquisition and
analytical methods. This system has the capability of acquiring multiple parameters
simultaneously at an aggregate sampling rate of up to 48,000 samples per second with
on-line digitization and real time recording on a private data disk. The NAPC offline
data analysis system provides same-day access to the data with the capability to display
the data in various tabular and graphical formats. Analytical techniques available
include time zero analysis, high pass, low pass, and band pass digital filtering, and
power spectral density analysis using fast fourier transformations. 1(

INTRODUCTION

The testing of gas turbine engines often requires determination of the transient and
dynamic behavior of various engine component parameters using high response instru-
mentation. Earlier methods of displaying and analyzing high response data at NAPC were
complicated by throughput and accuracy problems. The only available techniques to
obtain data were to display analog signals on paper traces in the test cell control room
and/or to record the data in analog format on magnetic tape for post-test analysis. The
paper traces provided only limited data and analysis entailed the time-consuming study
of hundreds of feet of traces. While the analog magnetic tape provided more data
channels, the digitization of the analog recording was also a tedious and time-consuming
process. Both methods were also beset with many inherent sources of inaccuracy which
significantly detracted from the quality of the results obtained.

In order to overcome the deficiencies of these early high response data systems,
NAPC developed in April of 1983 a fully digital high response data acquisition and
processing system for the engine test cell environment. This state-of-the-art system
gives NAPC an accurate and efficient method of acquisition and analysis of high response
engine test data. This paper presents information on the background that led to the
development of the present system, the capabilities of the system including examples of
an actual application, and future directions of high response data acquisition at NAPC.

PREVIOUS HIGH RESPONSE DATA ACQUISITION SYSTEMS

During the investigation of engine stall characteristice or operation with distorted
inlet conditions, a limited number of parameters were displayed on paper traces in the
control room for immediate cursory analysis, and the primary medium for recording high
response data was on an analog FM tape data system. This type of system had been
utilized at NAPC, at the Arnold Engineering Development Center in Tullahoma, TN, and at
other test centers throughout the aerospace industry.

The procedure to acguire and process data was very complex and had many limitations.
As shown in Figure 1, data was recorded on analog tape at the test site for up to 144
data channels, with six to eight hours of data on a tape. The procedure for setting up
and calibrating the equipment required one full day of preparation time by skilled
operators and project engineers before data acquisition could begin. The data acgquired
was a merge of high frequency, high response (AC) information from Kulite semiconductor
transducers and low response (DC to 0.25 Hz) data from strain gage transducers, combined
together to provide the value for each parameter.

After the data was recorded, the tape was carried to the playbuck device attached to
the DEC PDP-11/70 central computer where the data would be digitized. Six channels at a
time for a total of 60 channels were read from the analog tape, digitized, and converted
to engineering units and stored at 2,500 samples per second on a digital tape for a one
second time frame. The data was then read from the digital tape, one frame at a time,
and put on a computer disk for analysia. A massive fixed calculation package was used
for data interrogation, editing and analysis. Data was adjusted to reference using
manually input values. Results avajilable to the project engineer were in the form of
graphs, contour plots, and detailed and summary printouts.

The data quality was questionable (about 5 percent full scale) because of the analog
taping methods. Most of the final processing and analysis occurred three to six months
after the completion of the test, eliminating the capability to reacquire lost or
erroneous data. Data on the analog tape contained tape noise, which could not be
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effectively eliminated. Data analysis for each frame was limited to a one second time
period with no optional calculations and no frame-to-frame comparison.

EVOLUTION OF THE CURRENT DIGITAL HIGH RESPONSE COMPUTER SYSTEMS

A high response data system was required for the Pratt and Whitney (P&W) TF30 Engine
Stall Recovery Test that was conducted from May through September of 1983. The TF30
engine was equipped with twelve (12) Kulite transducers to detect instantaneous airflow
reversals during an engine stall. Requirements for this test were to acquire data for
up to 48 channels at 1,000 samples per second, process data for five to ten second time
windows, analyze data with a set of P&W-provided calculations and digital signal
analysis software, plot data on an individuval and multiple run basis, and accomplish all
processing between weekly scheduled test periods. Because of the limitations of the
existing analog system, a new system was necessary to meet these specific reguirements.

Because of a short lead time, NAPC made use of existing or similar hardware and
software whenever possible to eliminate long purchase and development lead times. It
was also necessary to utilize key personnel who were most familiar with the standard
hardware and software to facilitate the transition to the new equipment and to incor-
porate required software enhancements.

HIGH RESPONSE DATA ACQUISITION COMPUTER SYSTEM

As shown in Figure 2, the TF30 test program would be able to use the standard NAPC
test cell data system to monitor and record most of the engine parameters required for
controlling the test conditions. However, the standard system could not take the
additiona! job of acquiring high response data. Therefore, a second data system was
developed to run in parallel with the standard system to provide high response capa-
bilities. At first, the data system utilized the computer (DEC PDP-11/55) of the
adjacent test cell, but later used its own dedicated computer (DEC PDP-11/70). Three
significant modifications were made to accommodate the special high response
requirements. First, data was acquired using a newly-purchased NEFF 100 analog to
digital converter capable of acquiring up to 50,000 samples per second (five times the
rate of the standard NEFF 400), meeting the TF30 requirement 48 data channels each at
1,000 samples per second. Second, this data was digitally written to a dedicated RKO7
disk drive instead of the existing magnetic tape drive to meet the required data
transfer rates. Fach removable RKO7 disk pack could hold more than four minutes of data
at the required acquisition rate. Third, a specially-modified subset of the standard
test cell software was installed on the second computer system utilizing the MEFF 10Q
and RKO7 data 4disk but retaining as many standard features as possible. Several
standard test cell functions were therefore available on the high response data system.
Automatic calibration of all high response data channels was completed at the beginning
of each test period and periodically during the day as necessary. A real time monitor
was available for displaying up to 60 high response converted parameters including
calculations. High response steady-state data was acquired using the same parameters
acquired on the transient system, averaging 2.4 seconds of converted data and stored on
a magnetic tape.

HIGH RESPONSE DATA REPROCESSING COMPUTER SYSTEM

Up to 1983, the central computer system for NAPC was a DEC PDP~11/70. Because of
the TF30 reprocessing requirements for special software and multiple run comparison
capability, the standard reprocessing programs on the central computer were unable to
handle all of the needs of NAPC and P&W project engineers. The hardware and Aisk space
were inadequate for the amount of data required. The program size limitations would
have caused the time for processing transient data to increase dramatically.
Additionally, the standard software did not support multiple run capability or any of
the special P&W required software. Since NAPC had already recognized the deficiencies
of the PDP-11/70 as a central computer, a VAX-11/780 central computer was already in
place to replace the PDP-11/70. The TF30 project was the first application to be
installed on the new central computer. As shown in Figure 3, the only additional
requirement was to add an RKO7 disk drive on the VAX for high response transient data
processing.

Standard steady-state and transient processing programs were first converted to the
VAX-11/780 computer. High response processing was developed using the standard system
as a guideline, addi:q improvements and other required capabilities. Steady-state data
was read from tape ar.i1 reprocessed as necessary. Data outputs were printouts, plots,
and customer tape copies. Transient data was read from the storage media (magnetic tape
for standard transient, and RKO7 disk for high response), converted to engineering
units, and stored on the system. Up to 20 regular transient and 10 high response
transient runs could be saved on the system at the same time, although this could be
expanded or decreased if necessary for specific test requirements (the TF30 test
required 50 regular runs and 20 high response runs). This data was immediately
available to the project engineer and could be printed, plotted (single and multiple
runs), filtered, analyzed, and copied to another magnetic tape for the engine
manufacturer. Interactive, multiple-user capability was also added to improve engineer
and operator efficiency (normally, five terminals can be processing data at the same
time).
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ADDITIONAL CURRENT HARDWARE FEATURES

Digjital high response data acquisition requires high response pressure transducers,
signal conditioning, filtering, very fast analog-to-digital conversion and multiplexing,
and a digital computer to record all of the data.

Most typically, subminiature Kulite pressure transducers are used as high response
total pressure probes, Each Kulite is paired with an accurate pressure transducer such
as a Statham or scanivalve channel to measure the absolute pressure at the same station.
Signal conditioning for the Kulite transducers is accomplished with Vishay System 2300
signal conditioner and amplifier modules. Additional instrumentation such as speeds,
positions or flows are recorded with the high response data system to provide
independent analysis capability without reference to the standard data system, as well
as providing a synchronization capability with the standard data system if needed.

The effective maximum aggregate sampling rate of the NEFF 100 as controlled by the
NEFF 500 microprocessor is approximately 48,000 samples per second after systematic
overheads are taken into consideration. For the TF30, the system was configured for 48
data channels at 1,000 samples per second per channel. At this sampling rate, the
maximum frequency which can be recorded without aliased signals is just below 50C Hz.

To obtain alias-free signals from the Kulite transducers, but still maintain the highest
possible frequency response, a 64 channel Precision Filters programmable low pass filter
is used. The anti-aliasing filters were set at 300 Hz for the TF30. Other tests have
acquired 16 data channels at 2,500 samples per second with the anti-aliasing filters set
to 1,000 Hz. The low pass filtered Kulite signals are then input to the NEFF 100
analog-to-digital converter and multiplexer. The digitized signals are transferred
directly to the memory of the on-line PDP-11/70 computer by the NEFF 500.

ADDITIONAL CURRENT SOFTWARE FEATURES

Data anquisition capabilities can vary with the reguirements for each engine test.
High response transient data has been acquired at varying rates - the two presently in
use being 1,000 time slices per second for 48 channels, and 2,500 time slices per second
for 16 channels. The transient rate can vary from engine test to engine test, but not
from day-to~day within an engine test. |

Another system capability is a choice of continuously running or circular buffer
data storage. This capability allows data to be either continuously acquired until the
data run is terminated {(capturing all data from the start of the run}, or saved only for
a fixed period (e.g., the last 10 seconds) of data for every run, no matter how long the
run {(done with a circular buffer). At the beginning of an engine test, the project
engineer can choose which acquisition style and rate is needed to acquire the high
response transient data, and these capabilitiegs will be incorporated throughout the
entire test.

The high response steady-state data is processed on the VAX-11/780 with all standard
reprocessing capabilities. The data is read from the magnetic tape, processed, and N
recalculated as necessary. The data is then printed in a predesigned format, stored on
disk for plotting, screen design analysis, or production of customer tape copies. The
data stored in the plotting files is curve fit, and is used for data comparison against
new data.

All high response transient data is processed on the VAX-11/780, using the RKO7 disk
drive for data vretrieval. A subset of the raw data is read from the RKO7, converted to
engineering units, and stored on larger project disks. At this time, data modifications
are included in the data stored on disk. More than one run is stored on the disk at the
same time, providing a base of transient runs for analysis. Most tests have 10 high
response runs of five-to-ten seconds' duration available at any time.

The plotting program for the high response system includes all standard graphics
capabilities. Up to six "Y" parameters are plotted against one or two "X" parameters.
Predefined page designs, seta, and titles are set up for batch plots for single or
multiple runs. Up to five runs can be overlayed on the same graph at the same time, as
shown in Figure 4. A time zero offset can be input to the praogram for each ruh to allow
direct run-to-run comparisons. Scale modification for plot sets is availapble for easier
plot set design.

For data analyais purposes, two software packages have been incorporated into the
standard transient plotting programs on the VAX 11/780. The first is a filtering
program using a digital approximation of a Butterworth filter. The filtering package
produced low~pass and high-pass data using selectable pole and cutoff frequency values
for a time vange (up to five seconds for high response transient data). This package
separated high frequency (high-pass) information from the low frequency {(low-pass) data.
Both the high-pass and low-pass information are available for analysis. Multiple pass
capability through the filtering program is implemented to allow for low-pass filtering
at various cutoff freguencies at different time intervals, or band-pass filtering.
Band-pass filtering is first filtering with a low-pass filter and then with a high-pass
filter at a different cutoff frequency, allowing a limited frequency range to affect the
data. In addition, a recalculation option is available to recalculate any parameter
which is a function of any filtered parameter.
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The other software package is a Fast Fourier Transform (FFT), used to determine
spectral characteristics of the data. Data for two parameters for a selected time range
(two seconds for high response transient data) are proceased and plotted. Calculations
available for plotting are power spectral magnitude, cross spectral density, cross
spectral phase, and coherence, all a: a function of frequency. The frequency range is
from zero to half of the data acquisition rate. The density of the resulting plotting
points and the magnitude of the spectral densities are dependent on the variables used
to run the fast fourier tranaform software, the number of segments and number of points
per segment. This software is used not only to identify the dominant frequency but also
to compare two pressure spectral densities.

SOFTWARE DATA CORRECTION METHODS

Various data correction methods for the high response Kulite transducers are
incorporated for different engine tests. The TF30 engine test used a combination of
Kulite, Statham, and scanivalve pressures. Though the Kulite pressures are very
accurate at recognizing high response pressure changes, they drift over time and
temperature. To guarantee the most accurate pressure for high response data,
corrections for the Kulitea are calculated from both the scanivalve pressures and the
Statham pressures acquired at the same location in the engine. Curve fits are generated
from the steady-state scanivalve data and Kulite pressures. Results of these curve fits
are compared to the curves generated from Statham pressures versus Kulite pressures
(both acquired on the high response system). There was a negligible difference between
the two curves. These curve fits are updated every test period to correct the Kulites
to the more accurate scanivalve pressures. These curves stabilize after a few test
periods and updates are no longer necessary. When the high response data is processed
for the on-line high response real time monitor and for plotting on the central
computer, the Kulites are adjusted by these curve fits to correct the absolute pressure
characteristics. Also, another correction is calculated to adjust for temperature
shifts at the time the data is acquired. During reprocessing on the VAX-11/780, for
each Kulite/Starham pressure pair acquired on the high response system, a one-half
second average of static data prior to the start of the dynamic condition is calculated.
The averages of the Kulites and Stathams are compared and the delta is added to all
Kulite samples for that run. This corrects the Kulite for temperature shifts that may
have occurred since the last calibration.

TF30 ENGINE STALL RECOVERY TEST

The first use of the new high response system was for the TF30 engine stall recovery
test program, conducted at NAPC from May through September of 1983. The purpose of this
test was to develop a method for the TF30 engine to self-recovery from what would be
otherwise non-recoverable stalls. The goals of this test program were to first
determine the pre- and post-stall characteristics of the TF30 engine, and then using
this knowledge to develop stall recovery techniques.

The engine used for this test was a P&W TF30-P-414 engine. The TF30-P-414 engine is
an afterburning turbofan used in the F-14A aircraft. The compression system consists of
a combination three-stage fan and a six-stage low-pressure compressor (LPC) on the
low-speed rotor and a seven-stage high-pressure compressor (HPC) on the high-speed
rotor. The engine was specially instrumented with six high-response rakes with two
rakes each installed at the fan discharge/LPC entry (station 2.4), at the LPC
discharge/HPC entry (station 3.0), and at the HPC discharge (station 4.0) as shown in
Figure 5.

The high response rakes used for this test were each instrumented with two high
response absolute pressure transducers, two low response absolute pressure transducers,
and one fast response thermocouple. A sketch of a typical high response rake ia shown
in Figure 6. The forward and aft facing probes on each high response rake are used for
dynamic mass flow measurement. The dynamic mass flow is calculated based on the
relationship between the forward pressure (Pf), and the aft pressure (Pa). An example
of this relationship, which was formed from steady-state data, is shown in Figure 7.

Using the high response rakes, it was now possible to determine in which component
of the engine compression system the stall originates. An example of engine stall where
the HPC surges first is shown in Figure 8. As can be seen in the figure, there is an
abrupt decrease in pressure at the HPC discharge followed three msec later by an
increase in the pressure at the HPC entry. The decrease in HPT discharge pressure and
corresponding rise in HPC entry pressure shows that the HPC has surged and stopped
pumping. The LPC surge is indicated by a pressure rise at the LPC entry approximately
six msec after the HPC surged.

The next part of the analysis is concerned with when and where the rotating stall
cell originates. A compressor stall typically starts with a planar axial pressure
oscillation of low frequency (2-20 Hz). The compressor therefore experiences a series
of rapid flow reversals and recoveries. As the stall continues, a rotating stall cell
will form and the planar oscillation will damp out leaving only the rotating stall cell
present and the compressor will then be operating at a stall operating point, at which
time the compressor is in what is usually termed a non-recoverable stall condition.

Figure 9 is a plot of the two forward facing high response pressures at the
diacharge of the HPC for the first 0.50 second after the stall has occurred. The traces
show that the pressure oscillationa for both the pressures are in phase for
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approximately the first 0.10 second, therefore indicating that the pressure

oacillations were planar. After the initial 0.10 second, the pressure oscillations then
are out of phase indicating that a rotating stall cell has developed. The development
of the rotating stall cell can be further confirmed by using the fast fourier transform
(FPT) routine. The FFT routine is used to determine the phase shift of the pressurc
oscillations seen by the two pressure rakes. Pigure 10 is a plot of the phase shift and
power spectral density versus frequency for the portion of the stall in which a rotating
stall cell is believed to be present. The phase shift at the 40 Hz frequency is
approximately equal to the angular displacement between the two station 3.0 pressure
rakes, therefore confirming that a rotating stall cell is present.

It is also possible to determine when the planar pressure oscillations are damped
out, leaving only the rotating stall cell. This is done by use of the filtering
function. Figure 11 is a HPC-'entry forward facing pressure comparison of unfiltered,
20 Hz low-pass filtered and 20 Hz high-pass filtered data. The low-pass filtered data
shows the low-frequency planar pressure oscillations and the 20 Hz high-pass filtered
data shows the higher frequency planar oscillations and the rotating atail. The
low-pass filtered data shows that the planar oscillations have damped out completely by
1.3 seconds after the surge occurred.

By using the FFT routine for different time intervals of the stall, it is possible
to determine the rotational speed of the rotational stall cell and by comparing this
speed to the LPC rotor and HPC rotor speeds, it is possible to determine in which
component of the compression system that the stall is generated by. The results of this
are plotted in Figure 12, which shows that the rotating stall cell speed is consistently
47 percent of the LPC rotor speed. Therefore, the rotating stall cell is generated by
the LPC.

The final part of the analysis of the characteristics of the compression system is
the determination of the post-stall operating lines of the LPC and HPC. Fiqure 13 is a
plot of the LPC pressure ratio versus corrected LPC entry mass flow during a stall with
no filtering. By using the digital filtering routine to remove the rotating stall cell
frequencies, it is possible to then determine the average compressor operating line as
is shown in Figure 14. Using the same procedure for the HPC, the results are shown in
Figures 15 and 1l6.

FUTURE CONSIDERATIONS

The future enhancements to the high response data system consist of completing the
conversion of the remaining features of the standard test cell data system to the high
response system. This would add a failure monitor feature, a real time diagnostic
capability and several on-line processing options that would provide more immediate
analysis results while still in the test cell. Also, as NAPC remote computers are in a
network with our central VAX~11/780 computer system, methods are being investigated to
transfer the test cell data to the central computer immediately after each run to
perform more complex analysis and send the results back to the test cell.

CONCLUSIONS

In summarcy, the high response data acquisition system has proven to be highty
reliable and has provided quality data for analysis for all engines tested. With the
computing power of the VAX~11/780 available for post-processing data analysis, the
enhanced analysis capabilities and availability of information for the project engineer
after a test period has been significantly improved. The gquicker turn around of the
data allows timely data analysis of the teat results enabling the test prograr to be
conducted in a more efficient manner.
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FIGURE 7: Typical High Response Rake
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Low Pressure Compressor Pressure Ratio

FIGURE 13: Low Pressure Compressor Operation During Surge,
Unfiltered Data
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FIGURE J5: High Pressure Compressor Operation During Surge,
Unfiltered Data
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DISCUSSION

D.Davidson, UK
What was the frequency response of the stail probe that you used and how did this compare with the engine stall
frequencies?

Author’s Reply

The high response probes had frequency response greater than 500 Hz and the engine stall frequencies were less than
300 Hz.

R.Demers, US
What did you do to take into consideration the time skew of your data?

Author’s Reply
The analog to digital processing utilised a parallel sample and hold technique to eliminate time skewing concerns.

R.Wallace, UK
How do you transfer data from the PDP to the VAX system?

Author’s Reply

The disk RKO2 on the PDP-11 is used to store the primary data. After the test, the data is transfered on a magnetic tape
over the VAX system.
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ACQUISITION AND ANALYSIS OF DYNAMIC ROTATING MACHINERY DATA

by

) R. Wallace
,——-"‘"‘“""7 Signal Processing and Applications Group,
Cranfield Inatitute of Yechnology,
Cranfield, Bedford MK43 OAL, England.
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SUMMARY

z,A—:\Durjng the development and design of new engines, vast quantities of vibration data are acquired. An
efficient analysis system designed to analyse dynamic rotating machinery data (accels, decels, etc.) 1s
described. The system is built round a general purpose multi-tasking computer which not only analyses the
data directly from pre-recorded tapes or rigs but allows engineers to post-analyse data at the same time.
txamples of different types of presentation are given which enable easy interpretation of measured data.
Comments of general acquisition rates and methods are also given. .

1.0 INTRODUCTION

Data which is to be acquired from rotating machinery experiments can be characterised into three types:

l/.

(a) static or slow moving data where the requirement is to monitor lots of parameters at sampling
rates of up to 10 or 20 samples per second.

(b) transient or surge type data where relatively quick changes in a selection of parameters have
to be monitored at sampling rates of up to 500 or 1000 samples per second.

(c) dynamic data where a few parameters have to be sampled at rates of up to 50000 or 100000 sam-
ples per second.

fhis paper deals with the latter case - the acquisition and analysis of dynamic data. Using this dynamic
data the engineer will investigate in detail frequency and time domain functions. A typical requirement
is to measure 50 or 100 channels at a frequency bandwidth of 20KHz giving a sampling rate of 50000 samples
per second per channel. The needs of a computer based system to handle this work is discussed. A working
system for off-line analysis is given with details of the configurastion and the procedures used. There
are many advantages of having a true on-line system to investigate the dynamical behaviour of experiments.

An example is given, from a related field, of how on-line acquisition and analysis of dynamic data gave

significant cost and technical advantages. The paper concludes with current progress towards a powerful
on-line gystem to handle dynamic data from rotating machinery where artificial intelligence techniques can
be used to assist the engineer in the understanding of these complex problems.

—_.‘—A‘_‘_
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2.0 COMPUTER SYSTEM REQUIREMENTS

The basic requirement is that of all high speed Signal Processing systems - the ability to handle large
volumes of data at high data rates and the ability to organise comprehensive, yet efficient, analysis
easily. What is meant by Signal Processing? - What tasks have to be done?

Signal Processing can be divided into four stages - acquisition, analysis, output and application.
Acquisition involves the measurement of a phenomena and the process of being able to describe this in a
numerical form in a digital computer. Analysis is the operstions on the data to produce meaningful quan-
tities for the engineer. Output is the media from which the engineer can easily understand the information.
It is from these three stages that the engineer can understand what is happering on the application and
therefore make decisions.

2.1 Acquisition

The engineer wants to gain knowledge of motion (or some other parsmeter) of the machinrery so a transducer
is placed on the machinery to measure that motion. This transducer provides an electrical signal - @
voltage - which is proportional to the movement. This signal is then converted into digital data using sr
analogue to digital convertor (ADC) and transmitted to the computer for amalysis. In some instances this

A
rotating tranaducer
: %____ — 99— D Computer
machine voltage c
R——
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comversion 1s done within the transducer and related signal conditioning itself and digital data is trans-
mitted directly from the transducer to the computer. In other cases the analogue signals are first record-
ed on an analogue tape recorder, then off-line analysis is done using a similar ADC and computer arrange-
ment. The techniques described in this paper are the same for all methods of measurement.

2.2 AMnalysis System

A
Processor
Analogue 1
o,
Signals

1

Graphics Printer/
vDu Plotter

The basic components required for a Signal Processing System to acquire and analyse data are:

{a) computer processor to run the saftware which analyses the data and controls the
peripherals.

(b) an analogue input system to acquire the data.

{c) graphics display units to output the analysed data.

(d) disc backing store to store programs and analysed data.

(e) printer or plotter to get a permanent copy of results.

The trend in computing over the last few years has been to 32-bit multi-tasking mim: compulers because cf
their cost effectiveness, ease of use and power. Are these mim computers suitable for handling the ‘real

time task' of acquiring and analysing 'dynamic data'” First of all 'What 1s meant by real time?'
'Real time' are words just like 'data processing’ - they have lost their meaning. Depending on context it
means either 'time sharing' or 'true real time'. How can the difference be defined and 1s 1t indeed a

true difference”

‘Time sharing systems' are normally associated with commercial type systems e.g. transaction processing,
banking with many terminals connected to a computer. They are also present 1n engineering/scientific multi-
user, multi-terminal large number rrunching systems. Response must he quick - the quicker the better.
However, the over-riding feature of time shar:ing 1s that time does not actually effect the pracess. If tne
interrupt does take a long time occasionally, 1t does not matter since the next interrupt will not oerur
until the first one 1s serviced,

'True real time' systems are those which give response to happemings extremely quickly. For on-line
processing the response must be quicker than the time interval between data samples. If the interrupt 1s

not serviced quickly enough by the computer, data or other important information is lost and can never be 1
recovered. Therefore, with the information lost, the whole process fails.

Thus, in a multi-user system used for real time work the system must appear, whenever necess=ry, to have
the ability to handle the real time response very quickly and the ather tasks ruaning :n the system myst
not interfere with this process; in this manner no experimental data will get lost, 11

To take an example, Cranfield use the Perkin-Elmer 3200 series computers for this type of work. On these
computers the operating system 0532 is the true real time operating system and the time sharing require-
ments are handled by a monitor program called MIM. As with most similar systems the priority system used
within the multi-tasking system ensures fair use of resources by all users. Hence, ta ensure the highest
priority for real time work, the real time task can be run on a special terminal outside the time sharing
system at a priority greater than any of other tasks.

This bhas two distinct disadvantages: /

(a) it is inconvenient to run from a special terminal and some features of the time sharing f
system are not available.

(b) in general, the real time task will consist of pre-processing of data, real time work
(when high priority is resily necessary) and then post-processing. In an ideal situation
(fair to all uysers) the pre- and post-processing stages should time share with all other
tasks. If the task has high priarity all of the time while it is being run, the pre- and
post-processing stages may result in poor response to other users.
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To salve this prablem a small resident 'Assist task' has been developed which is kept in memory tu control
priority levels when, and only when, real time work is taking place. Ffor example, when a user who 1% rue-
ning at an MIM terminal wishes to do a multiple buffer (continuous) date acquisilion, the prioTity of s
task is sutomatically changed. The subroutine, when called, communicates with i1ts 'Assist task’' so when
real time work is teking place the task remsins at the highest priority and reverts back to 1ts nriyinal
priority after the data transfer has finished.

It has been found that there is a distinct advantage of using these type of systems for handling real time
applicstions because other tasks and users not only can coexist with data acquisition but can work rela-
tively unaffected and efficiently. As is shown later, current acquired data can be processed and previousl,
acquired data can be post-processed while acquisition is taking place.

A lot of the analysis process can involve the calculation of Fast Fourier Transforms and related btlock
arithmetic. Typically, a 2048 real point FFT may take 300 milliseconds to calculate on .. medium sized mirg
computer. To speed this up an array processor can be used which not only calculates the +i1 but can
speedily de-multiplex the data and do other necessary block type calculations such as calibrating, scaling
fur plotting, square rooting, etc. As an example, Cranfield use a Masscomp system with an array processor
for general signal processing work. With this system two channels of data can be contiouously acguited a
20000 samples per second per chammel Li.e. no data missed), all power and cross spectra are calculated., and
the current spectral values of a selected channel are drawn on a screen. Without the array processnr the
continuous dcquisition speed would drop by a factor of 10,

for off-l11ne work, as is shewn in a case history later, an array processor 15 not essential but 10 an on-
hine situation 1t 1s highly recommended.

Analogue Input System

;
! Analogue Signals
: from rig or tape Comput er
r
'
i

recorder

Analeqgue sugnals from the experiment or tape recorder are fed through anti-aliasing fiiters anto the
Anaingue to Digital Converter., The ADC 1s controlled by and feeds data through an interface module usitng
saftware drivers and subrout tnes so that digital information (t.e, g replica 1o digital farmat ! the
neasured signals  can be stored 1n the computer,

When signals come from a tape recorder, automatic control of the recorder from the computer can be bepefi-
cial.  The example Quven later shows how automatic running of g system overmight can reduce the man powe
effort required to rtun the system - this could not be done without computer control of the tape rtecorder.
Anti-aliasing filters are almost essential when acquiring data. Cranfield usually use 38d8 Butterworih
filters or 135dB Cauer {elliptic’ filters from Kemo ar Precision Filters. Normally the falters are uodet
computer control.

Cranfield use a range of analogue 1nput equipment from Micro Consultants, Preston Serentific, Phoenix Data
and Tustin. Standard systems avdtlable can acquire duta at 15-bit resclution at total throughput rates of
up to one millian samples per second,

Peripherals

A disc driver 1s a fundamental part of the system. Apart from storing programs, the disc 1s used to save
a replica of the analogue data in digital formal and to save analysed data. Continous throughput rates of
up to 350K samples per second from the ADC to the disc are currently achieved - the limiting factor 1s the
disc. With modern discs this rate can now reach nearly 500K =amples per second. Using two discs it s
therefore now possible to acquite on-line continuously a mangeuvre of 16 channels with a frequency hand-
width of 20KMz.

Graphics 1s a very important part of all Signal Processing. for most work, standard graphics terminals
such as Tektronmix {or compatible) units are ideal. However, for on-line display of data from experiments,
special high speed display units are used; referring to the Masscomp example given above, a 12 line
spectra can be updated on a screen ab least 5 times per second in on-line work. A system always has to
bave the means of getting the hard copies of the graphs shown on the terminals - usually on a pen plotter
or printer/plotter.

4—-1_—-_—”
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3.0 ANALYSIS AND OUTPUT

Cranfield have worked with several engine manufacturers and related organisations in the handling of dynamic
rotating machinery data. A typical test which has to be analysed is an 'accel' or 'decel' where the engine

is run from one speed to another over a pericd of time which can vary from 30 seconds to 4 minutes or more.

The engineer wants to examine, often in detail, the vibration or dynamic behaviour of components during the

manoeuvre.

The basic analysis strategy in a series of programs called ROMAS - Rotasting Machinery Analysis System. The
aim is a complete system to acquire, analyse and then output results in a readily understandsble form for
the engineer. The principle components are:

(a) the input and set up o' data files using parameters logged on the engine test bed.

(b) acquiring and interpreting calibration signals.

(c) acquiring and analysing data whether it comes for accels, decels or steady state
Tunning.

(d) plotting graphs and displaying summary tables.

Input of Data

Data which is normally put down on the log sheets of the test is requested by the system. This includes:

(i) details about the group of tests being conducted such as engine type, build,
test location, test title and engine shaft speeds (tachos).
(1i) details about the parameters of the transducers such as name, calibration,
gain etc.
(1ii) details of the calibration test runs.
(iv) details of individual test runs such as configuration, manoeuvre and which
transducers are being used.

There are two important reasons for inputting this data - to have a permanent record of the test (as on a
log sheet) and to ensure that all graphs presented have the correct labelling, Once data has been entered
automatic labelling of all outputs is ensured.

Calibration

Two types of calibration procedures are used:

(a) a series of dc levels representing known calibration points - these are acquired and a
least squares fit method calculates the calibration factors.

(b) a series of sine waves over the frequency range of interest where the rms of the sine
wave represents known calibration levels. It has been found useful to have calibration
points over the whole frequency range because the system can then compensate for signal
conditioning characteristics - particularly at higher freguencies.

Acquisition and Analysis

The basic parameters required to acquire and analyse the data, apart from the transducer channels themselves,

(a) frequency - the range to be investigated (which determines the sampling rate), the filter
settings and if zoom analysis is required.

(b) reference signal - which tacho and the speed range required; a speed (tacho) signal or
time can be used as the reference base.

The normal procedure when off-line analysis is being done is to position the recorded tape to the correct
position, either manually or under program control, and continuously acquire and store on disc the required
channels of data and tacho signals. If the required throughput rate of acquisition is greater than the
overall system capability then the replay tape recorder can be slowed down. While acquisition is taking
place a trace of the tacho speed is shown on the screen.

The tacho signal is often recorded as a sine wave whose frequency is proportional to the shaft speed. There
are three choices of how to decode this - to use an ac to dc converter and digitise this converted signal,
to use an external counter and read in the output, or, to accept the sine wave type signal into the system
and let the computer do the counting. This latter method has been found to be the most accurate. At high
specds there is little difference in the methods but at low speeds tte ability of the computer system count
method allows interpolation between crossing points giving greater accuracy.

At the end of the acquisition stage continuous blocks of digital data are held on disc backing store and the
speed associated with each block is known. This data has then to be analysed and displayed. The density
graphical form of the Cambell diagram provides, perhaps, the most effective summary presentation for this
type of data. For the convenience of output devices used the presentation allows 360 spectra taken at
different speeds during the accel to be displayed with 320 frequency points in each spectrum. The tacho
speeds calculated during acquisition are inspected, the requested range 1s split into 360 and using a block
of data associated with each required speed the spectra are calculated. This has the advantage over the
conventional method in selecting blocks at equal time intervals because engine order lines shown are now
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straight, aiding interpretation of the data. During an accel a request to the driver is made to make a
steady speed increage - however, in practice this is not often possible to do; the method described
counteracts this problem.

In displaying this type of data there are three variables; variation in speed (x axis), variation in
frequency (y axis) and variation in intensity of vibration. The display shown (Figure 1) uses intensity
as this third variable. In the example given an 8 level grey scale of intensity is used - the amplitude
being shown as a logarithmic scale. Colours replace greyness when displayed on an on-line terminal.

The density plot gives a qualitative initial description of the overall vibration content, To give more
detail an initial supplementary plot is produced of 'peak hold', the highest amplitude in the frequency
bandwidth, 'rms’, giving ¢ erall vibration content at s given speed and 'density magnitude': in this
latter plot the greyness indicates frequency range. Hence, from comparing the two graphs the engineer
gets an immediate approximate appreciation of the distribution of areas of major vibration levels.
Figures 2 and 3 show a pair of typical outputs.

Once the spectra have been calculated they are stored on the disc backing store and these outputs can be
re-displayed in different ways using other tachos (in a multi-tacho system) as reference, if needed,
without having to re-acquire the data. To investigate different frequency ranges mare accurately, the
axes can be expanded. The resolution in Figure 4 is poor so if more detail 1s required the analysis has
to be repeated using zoom techniques where, in Figure 5, all the frequency points are packed into the
range 12K to 15KHz. The zoom method preferred is to use a large puint FFT transform (up to 32K spectral
lines). Technically this gives better spectral estimates than the usual signal processing zoom techniques
of frequency translation or bandpass filtering because the results are not contaminated by any pre-
processing calculations.

The plots described are used to give an overall summary of the manceuvre. Once the data has been acquired,
analysed and stored on disc the data is available to be processed in detail in many ways so that 'a complete
picture' can be built up by the engineer. Typical snalyses include:

(a) amplitude along engine order lines, or modes (Figure 6); in general a track across a com-
bination of multiple shafts and frequency, such as, aN! + bN2 + cN3 + d, 1s done where N1,
N2, N3 represent the engine shaft speeds and a, b, ¢, d are selectable variables.

(b) average amplitude against frequency or engine order (Figure 7).

(c) phase difference and cross amplitude levels between pairs of channels (Figure 8). Since
the acquisition method is multi-channel it is no more difficult to calculate cross spectral
terms as auto spectral terms - hence phase relationships between channels are availsble.
One point to note is that the coherence function is slso given. The coherence function
measures the linear dependence or correlation between the two parameter channels in the
frequency domain. If the coherence value ig not close to unity then the two parameters
could be not mutually dependent, the system relating the two could be non-linear or the two
signals could be contaminated by a lot of measurement noise; hence the value of modulus
and phase angle should be qualified if the coherence value is low.

(@) waterfall diagram (Figure 9); there is & limit in the number of spectral lines that can be
displayed on one plot so the density plot is usually preferred.

(e) engine speeds against time plot (Figure 10).

In addition, time amplitude statistics such as time history display (Figure 11}, probability values, rain-
flow counts etc,, can be calculated., One interesting technique used when investigating time history data
is how to overcome the problem of display of large amounts of data. On a screen it is ysually only realis-
tically possible to show about 2000 points in one line, With, say, tens of thousands of points to display
the technique of 'block presentation' is used. The total number of points to be displayed is broken dcwn
into about 2000 blocks. For each block either a single point, an sveraged value or more generally the
maximum and minimum point is displayed. The engineer can thus see where the activity he is interested
occurs and interactively expand the timescale of that portion of the data record by re-displaying over the
true period of interest.

4.0 CASE HISTORY

Figure A shows an actual configuration of a system which acquires and analyses dynamic rotsting machinery
data, The ROMAS system described is used.

An automatic tape control system was designed utilising one track of the tape recorder. A request to
analyse a particular test is fed into the computer with the time of the test and under computer control
the test item is found, acquired and snslysed. This system, and the architecture of the program suite,
allows automatic running overnight thereby ensuring quick turn round of the analysis and also reducing
the man power required to run the system. The system cen display the 'density type' graphs either on the
Versatec VB0 plotter or the colour Ramtek display units. The actuval real time continuous throughput rate
of acquisition normally required ranges from 500 to B00COO samples per second., The tape control system
automatically selects the optimum tepe replay speed for the analysis system - usuelly between 150000 and
300000 semples per second; speeding up of the tape results in quicker analysis snd slowing down schieves
very high real time acquisition rates. At the game time as the main stream acquisition and analysis is
being performed engineers can carry out exhaustive post analysis work on data already analysed. This
facility demonstrates the ability of these systems to mix high speed data acquisition with post anslysis
work.
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5.0 ON-LINE DYNAMIC DATA COLLECYION

The advantages of extending this off-line system work to on-line analysis are illustrated in the case history
of acquisition and analysis of dynamic aerodynamic data from models mounted in a high speed wind tunnel at
the Royal Aircraft Establishment in Bedford, England.

Modern experimental techniques for the testing of all prototype structures require that an ever increasing
rumber of data channels be measured. Although sample rates of only 5000 per second are required, 64 channels
of dats have to be monitored and analysed for continuous periods of up to 2 minutes; this gives a total
throughput rate of 320000 samples per second. Much less than some rotating machinery requirements but still
high,

A system called PRESTO was installed to do this work, Before the PRESTO system was installed tests were
performed by pre-defining conditions, running the tests and recording the dats on analogue tape. Minimal
on-line single channel analysis was carried out using an FFT analyser. After completion of the tests the
data was comprehensively analysed over the following few weeks.

With the multi-tasking system these tasks are now performed simultanecusly:

(a) high speed data acquisition and test data storage.
(b) analysis of data using parallel processing techniques.
(¢) post-processing of data (e.g. aerodynamic analysis).

The processes are completely independent providing the following advantages:

acquisition

After data acquisition corresponding to one test condition, data may be acquired for subsequent tests
as soon as the tunnel conditions are ready. This process may be carried out even if the previous data
run has not been completely analysed. This 'independent' acquisition approach means that less elec-
trical power is used since the tumnel is operated for the shortest possible time. Also, the life of
the model within the tunnel is extended because of reduced fatigue damage.

analysis

the analysis required is divided into several segments based on the SPAG programs which can run in
parallel. Although PRESTO starts as a single-tasking job run from a time sharing terminal it invokes
multi-tasking by creating parallel processing tasks.

post-processing

aerodynamic results can be displayed on-line enabling the test engineer to re-design the test schedule
as he progresses. Thus, irrelevant tests can be eliminated and unexpected results may be immediastely
investigated in greater depth. This process allows a more efficient use of the test schedule.

The above advantages have led to the hardware cost of PRESTO being recovered on each tunnel entry by the
savings in electricity alone, hence showing the power of an on-line multi-tasking system.

6.0 ON-LINE DYNAMIC ACQUISITION OF ROTATING MACHINERY DATA

A typical current requirement is to acquire 200 channels of dynamic data at 20KHz bandwidth giving a total
throughput of 10 million samples per second. Realisticslly, there is no way that a system can acquire and
usefylly deal with that amount of dsta truly on-line. What can be done is to take 16 of those channels
(about one million samples per second scquisition rate) into the system recording all channels onto tape
recorders at the same time. With an srray processor based system some of the data can be analysed truly
on-line with the rest of the analysis being done just after the manceuvre has finished. With a high speed
output display 'density or campbell type' data may be displayed on-line. Because of the ability of the
coexiastence of other software tasks, speciaslised programs may be run to detect known occurrences such as
engine order peaks, flutter mode maxima etc. Indeed, special artificial intelligence type programs may be
run to deduce trends and unexpected happenings during manceuvres. Using this approach only a few channels
are analysed truly on-line or nearly on-line - the rest of the channels may be analysed .mmediately after
completion of the manceuvre by replaying, under computer control, the other data channels recorded during
the test in an off-line manner as described earlier.

7.0 CONCLUSION

This paper has sttempted to show how dynamic dets from rotating machinery can be acquired and analysed in
an efficient menner. The extension of the system described to on-line work hag extreme technological
advantages since this will speed up development time and hence save substantial amounts of money. The
major current problem is the interpretation of the data and the development of the algorithms to filter the
snalysed data so that quicker development decisions may be taken. The ability of acquisition and analysis
techniques to produce the data is now available.
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DISCUSSION
D.Davidson, UK
I am concerned that with such powerful spectral analysis techniques that the dangers are increasing of parasitic inputs
being interpreted as real data.

While the types of analysis and display that you have shown can be a great help to the engineer. I feel that even greater
care must be exercised in designing the experiment so that these parasitic effects can be evaluated.

Author’s Reply
It is very important for the engineer to quantify any features he sees from his results, thereby identifying such parasitic
items. In general, we calibrate our systems to check that the acquisition and analysis process does not introduce such
parasitic effects.

After this stage, the engineer must inspect his results and determine what is real and what has been introduced by his
measurement process.

M.L.G.Oldfield, UK
As microprocessors and memory are now very inexpensive, surely the best system is to separate the A/D conversion
and real-time storage functions from the time-sharing or multi-tasking computer used for processing and display. An
example of this would be the use of intelligent transient recorder types of system which communicate to the computer
through a high speed parallel bus. Such systems solve the problems of high data rates into the computer by allowing
asynchronous transfer of the data, while still providing reasonably prompt response to the user at a terminal.

Do you agree?

Author’s Reply
Individual systems have individual requirements. The sheer bulk of data which we usually deal with makes your
approach often ineffective.

However, in some cases, particularly at throughput rates of over one million per second and shortish periods of time,
your approach is probably the only feasible way.

J.Chivers, UK
We recently had a problem to collect data from 10 channels at a 10 MHz/channel sampling rate. We adopted a very
similar approach with individual ADC and Buffers before sending the data to a minicomputer. We found it was a very
effective approach.
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ACQUISITION BT TRAITEMENT DES MESURES
DE _PRESSIONS NONM STATIONNAIRES DANS LE CADRE

DBS ETUDES DE DISTORSION D'ENTREES D'AIR

par

JL. EYRAUD et F. AUZOLLE - SNECMA
Centre de Villaroche - 77550 MOISSY~CRAMAYEL FRANCE -
et M. WAGNER - ONERA
Centre de Modane Avrieux - 73500 MODANE FRANCE -

SOMMAIRE

Les études de compatibilité entre l'entrée d'air d'un avion et le moteur constituent une étape escuntielle
de la mise au point d'un nouveau matériel.

Ces travaux s'appulent entre autres sur une activité expérimentale qui, pour étre exploitée dans les meil-
leures conditions, impose la mise en oeuvre de moyens trés complets d'acquisition et surtout de traitement
des mesures. L'ensemble des moyens déerits ici illustre la panoplie des systémes analogiques et numériques
qui sont désormais opérationnels. L'accent est mis en particulier sur 1'importance du suivi temps réel de
1'essal qui conditionne dans une large part l'architecture des moyens originaux qui ont dd €tre dévelop-
pés.

1 - INTRODUCTIOM

Les constructeurs d'avion et les motoristes qui cherchent a établir le bilan propulsif et la meilleure
intégration de l'ensemble prise d'alr-moteur dans toutes les conditions de vol sont désormals conduits né-
cessairement i s'intéresser aux caractéristiques non stationnaires de 1'écoulement i 1l'entrée du compres-
seur. Les études correspondantes s'appuient sur une recherche expérimentale trés importante qui couvre
tous les domaines allant de 1'essal sur maquette en soufflerie i l'essai final sur avion en vol. Dans tous
les cas les expérimentateurs ont di faire évoluer leurs moyens d'essais en adaptant les outils de mesure,
d'acquisition et de traitement au nouveau probléme posé : celui de 1'analyse des phénoménes non station-
naires. Cet article présente donc les moyens étudiés et réalisés par 1'ONERA (essais soufflerie) et la
SNECMA (essais sur machines a 1'échelle 1) pour couvrir totalement le champ de ces études expérimentales.
Ces développements effectués en lialson trés étroite garantissent une compatibilité et une complémentari-
té excellente des équipements. Typiquement le probléme posé consiste i trajter a une fréquence de l'ordre
de 4 a4 8 KHz 40 signaux aléatoires de fagon A en extraire un certain nombre de paramétres (indices de dis-
torsion) qui peuvent ensuite 8tre corrélés avec le comportement de la machine, c'est A dire avec sa répon-
se & une alimentation en air hétérogéne mais connue.

2 -~ OBJECTIFS GENERAUX D'UN SYSTEME DE MESURE ET DE TRAITEMENT

Une des principales difficultés rencontrées lors des essais réside dans le caractdre aléatoire des phéno-
ménes observés et en conséquence dans le ratio trés faible entre la duréde des phénoménes utiles sur le
plan "aérodynamique” et la durée totale de l'essal. I} est également connu que dans ce type d'essais le
volume global d'informations est tel qu'il rend 1l'exploitation extrémement lourde et longue par les moyens
traditionnels. L'objectif final recherché a donc été de localiser et d'analyser en détails les seules
tranches de temps susceptibles de présenter un intérét sur le plan aérodynamique. En plus de cet objectif
général nous nous sommes imposés des spécifications complémentaires contribuant A garantir une grande sou-
plesse expérimentale :

a) pouvoir effectuer la sélection des informations sur la base de critéres évolutifs.
Par exemple :

- utiliser divers indices de distorsion,

- choisir différentes bandes passantes utiles,

- utiliser certains "événements" sur des grandeurs mesurées avec d'une fagon générale la possibilité de
changer individuellement tous ces paramdtres dans le but d'avoir 1'étude la plus compléte possible
sur la base d'un méme essai. Il est clair par exemple que les tranches de temps sélectionnées ne se-
ront pas les mimes suivant la formulation de 1’indice de distorsion choisi.

b

pouvoir rejouer la totalité de 1'essai afin de mettre i profit les facilités offertes par les possibi-
1ités expoades ci-dessus et donc disposer d'un support fiable couvrant largement la gamme de fréquence
choisie avec un volume de stockage suffisant (autonomie) et une précision correcte.

~

c) donner 3 1'Ingénieur d'essai des moyens performants de conduite de 1'essal permettant d'une part d'éco-
nomiser les durées d'essai en ne testant en détails que les configurations intéressantes sur le plan
aérodynamique et d'autre part en évitant de maintenir longtemps la machine dans des conditions expéri-
mentales généralement difficiles sur le plan de sa tenus mécanique. Cecl nous a amené i mettre un ac-
cent trés particulier sur les moyens de traitement en temps réel en recherchant de plus pour ceux-ci
une qualité identique i celle des dépouillements complets qui peuvent étre faits en temps diffé